US  Army  Corps 
of  Engineers 

Construction  Engineering  USACERL  Technical  Manuscript  98/120 

Research  Laboratories  September  1998 


Investigation  of  the  Use  of  Viscoelastic 
Damping  Devices  to  Rehabilitate  a 
Lightly  Reinforced  Concrete  Slab- 
Column  Structure 

John  R.  Hayes,  Jr. 


The  objective  of  this  study  was  to  develop 
improved  understanding  of  the  seismic  behavior 
of  a  lightly  reinforced  concrete  (LRC)  slab- 
column  structure  seismically  retrofitted  with 
viscoelastic  dampers  (VEDs).  The  feasibility  of 
using  VEDs  to  rehabilitate  existing  LRC  slab- 
column  structures  was  explored,  and 
implications  for  structural  design  were 
considered. 

A  model  of  a  section  of  a  1950s-era  three-story 
military  barracks  building  was  fabricated  for 
testing.  A  rehabilitation  scheme  using  VEDs 
was  designed  and  implemented.  This  section 
model  was  subjected  to  a  series  of  earthquake 
simulations  on  the  shaking  table  at  the  U.S. 
Army  Construction  Engineering  Research 
Laboratories  (CERL).  Experimental 
measurements  included  floor  and  VED 
displacements,  floor  accelerations,  VED  forces, 
and  reinforcement  strains.  The  earthquake 
simulations  comprised  a  series  of  gradually 
increasing  intensity  replications  of  two 
commonly  used  earthquake  records,  first  on  the 
frame  fitted  with  VEDs,  then  on  the  frame 
without  VEDs. 


Interpretations  of  the  testing  results  are  provided 
through  the  use  of  linear  models  of  the  type  that 
might  be  used  in  the  design  office.  These 
analytical  models  also  were  used  to  assess  the 
applicability  of  the  linear  modeling  procedures 
that  have  been  recommended  in  Federal 
Emergency  Management  Agency  document 
273,  "NEHRP  Guidelines  for  the  Seismic 
Rehabilitation  of  Buildings." 


DTIC  QUALITY  HTGPECTED 1 


Approved  for  public  release;  distribution  is  unlimited. 


1999030 1052 


The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication, 
or  promotional  purposes.  Citation  of  trade  names  does  not  constitute  an 
official  endorsement  or  approval  of  the  use  of  such  commercial  products. 
The  findings  of  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Army  position,  unless  so  designated  by  other  authorized 
documents. 


DESTROY  THIS  REPORT  WHEN  IT  IS  NO  LONGER  NEEDED 
DO  NOT  RETURN  IT  TO  THE  ORIGINATOR 


INVESTIGATION  OF  THE  USE  OF  VISCOELASTIC  DAMPING  DEVICES  TO  REHABILITATE 
A  LIGHTLY  REINFORCED  CONCRETE  SLAB-COLUMN  STRUCTURE 


BY 

JOHN  RIVES  HAYES,  JR. 


B.S.,  Virginia  Military  Institute,  1973 
M.E.,  University  of  Virginia,  1975 


THESIS 

Submitted  in  partial  fulfillment  of  the  requirements 
for  the  degree  of  Doctor  of  Philosophy  in  Civil  Engineering 
in  the  Graduate  College  of  the 
University  of  Illinois  at  Urbana-Champaign,  1998 


Urbana,  Illinois 


UNIVERSITY  OF  ILLINOIS  AT  URBANA-CHAMPAIGN 

THE  GRADUATE  COLLEGE 

AUGUST  1998 


WE  HEREBY  RECOMMEND  THAT  THE  THESIS  BY 
JOHN  RIVES  HAYES,  JR. 

i 

s 

ENTITLED  INVESTIGATION  OF  THE  USE  OF  VT SGOET.ASTTG  nAMPTNF  nFVTn^  T0 

REHABILITATE  A  LIGHTLY-REINFORCED  CONCRETE  SLAB-COLUMN  STRUCTURE _ 

BE  ACCEPTED  IN  PARTIAL  FULFILLMENT  OF  THE  REQUIREMENTS  FOR 
THE  DEGREE  of  DOCTOR  OF  PHILOSOPHY _ 

Director  of  Thesis  Research 

Head  of  Department 


t  Required  for  doctor's  degree  but  not  for  master's. 


0-517 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


1 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 

1 .  AGENCY  USE  ONLY  (Leave  Blank) 

2.  REPORT  DATE 

September  1998 

3.  REPORT  TYPE  AND  DATES  COVERED 

Final 

4.  TITLE  AND  SUBTITLE 

Investigation  of  the  Use  of  Viscoelastic  Damping  Devices  to  Rehabilitate  a  Lightly 
Reinforced  Concrete  Slab-Column  Structure 

5.  FUNDING  NUMBERS 

4A161102 

AT23 

FL-EJ8 

4A1 62784 

AT41 

FM-CW4 

6.  AUTHOR(S) 

John  R.  Hayes,  Jr. 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Construction  Engineering  Research  Laboratories  (USACERL) 

P.O.  Box  9005 

Champaign,  IL  61826-9005 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

TM  98/120 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Headquarters,  U.S.  Army  Corps  of  Engineers 

ATTN:  CEMP-ET 

20  Massachusettes  Ave  NW 

Washington,  DC  20314-1000 

10.  SPONSORING /MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

Copies  are  available  from  the  National  Technical  Information  Service,  5285  Port  Royal  Road,  Springfield,  VA  22161. 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited. 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  words) 

The  objective  of  this  study  was  to  develop  improved  understanding  of  the  seismic  behavior  of  a  lightly  reinforced  concrete 
(LRC)  slab-column  structure  seismically  retrofitted  with  viscoelastic  dampers  (VEDs).  The  feasibility  of  using  VEDs  to 
rehabilitate  existing  LRC  slab-column  structures  was  explored,  and  implications  for  structural  design  were  considered. 

A  model  of  a  section  of  a  1950s-era  three-story  military  barracks  building  was  fabricated  for  testing.  A  rehabilitation 
scheme  using  VEDs  was  designed  and  implemented.  This  section  model  was  subjected  to  a  series  of  earthquake 
simulations  on  the  shaking  table  at  the  U.S.  Army  Construction  Engineering  Research  Laboratories  (CERL).  Experimental 
measurements  included  floor  and  VED  displacements,  floor  accelerations,  VED  forces,  and  reinforcement  strains.  The 
earthquake  simulations  comprised  a  series  of  gradually  increasing  intensity  replications  of  two  commonly  used  earthquake 
records,  first  on  the  frame  fitted  with  VEDs,  then  on  the  frame  without  VEDs. 

Interpretations  of  the  testing  results  are  provided  through  the  use  of  linear  models  of  the  type  that  might  be  used  in  the 
design  office.  These  analytical  models  also  were  used  to  assess  the  applicability  of  the  linear  modeling  procedures  that 
have  been  recommended  in  Federal  Emergency  Management  Agency  document  273,  "NEHRP  Guidelines  for  the  Seismic 
Rehabilitation  of  Buildings." 

14.  SUBJECT  TERMS 

concrete  testing  structural  engineering 

viscoelastic  dampers  (VEDs)  lightly  reinforced  concrete  (LRC) 

seismic  vulnerability 

15.  NUMBER  OF  PAGES 

958 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 

OF  REPORT 

Unclassified 

18.  SECURITY  CLASSIFICATION 

OF  THIS  PAGE 

Unclassified 

19.  SECURITY  CLASSIFICATION 

OF  ABSTRACT 

Unclassified 

20.  LIMITATION  OF 
ABSTRACT 

SAR 

NSN  7540-01  -280-5500  Standard  Form  298  (Rev.  2-89) 


Prescribed  by  ANSI  Std  239-18 


298-102 


CERL  Technical  Manuscript  98/120 


i 


Foreword 


This  document  is  a  reprint  of  a  doctoral  dissertation,  the  research  for  which  was 
funded  in  part  by  Headquarters,  U.S.  Army  Corps  of  Engineers  under  Project 
4A161102  AT23,  "Basic  Research/Military  Construction";  and  Project  4A162784 
AT41,  "Military  Facilities  Engineering  Technology."  The  technical  monitors  were 
Charles  Gutberlet,  CEMP-ET;  Dr.  Douglas  A.  Foutch,  Professor  of  Civil  Engi¬ 
neering,  University  of  Illinois  at  Urbana-Champaign;  and  Dr.  Sharon  L.  Wood, 
Associate  Professor  of  Civil  Engineering,  University  of  Texas,  Austin. 

The  work  was  performed  under  the  supervision  of  the  Engineering  Division  (FL- 
E)  of  the  Facilities  Technology  Laboratory,  U.S.  Army  Construction  Engineering 
Research  Laboratories  (CERL).  The  Principal  Investigator  was  John  R.  Hayes, 
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ABSTRACT 


INVESTIGATION  OF  THE  USE  OF  VISCOELASTIC  DAMPING  DEVICES  TO  REHABILITATE  A 
LIGHTLY  REINFORCED  CONCRETE  SLAB-COLUMN  STRUCTURE 

John  Rives  Hayes,  Jr.,  Ph.D. 

Department  of  Civil  Engineering 
University  of  Illinois  at  Urbana-Champaign,  1998 
Douglas  A.  Foutch,  Advisor 


The  objective  of  this  study  was  to  develop  improved  understanding  of  the  seismic  behavior  of  a 
lightly  reinforced  concrete  (LRC)  slab-column  structure  that  was  modified  by  the  addition  of  viscoelastic 
dampers  (VEDs).  The  study  includes  both  experimental  and  analytical  phases.  The  feasibility  of  using 
VEDs  to  rehabilitate  existing  LRC  slab-column  structures  was  explored,  and  implications  for  structural 
design  were  considered. 

The  experimental  phase  of  the  study  involved  the  fabrication  and  testing  of  a  model  of  a  section  of 
a  three-story  military  barracks  building  that  was  constructed  in  the  mid-1950's.  The  barracks  is  a  two-bay 
LRC  slab-column  frame.  The  model  was  constructed  as  closely  as  possible  to  one-third  of  full-scale. 
Material  properties  in  the  model  emulated  those  of  the  prototype,  and  model  reinforcement  details 
paralleled  prototype  details.  With  the  presumption  that  the  model  possessed  seismic  vulnerabilities,  a 
rehabilitation  scheme  using  VEDs  was  designed  and  implemented.  VEDs  were  mounted  in  diagonal  braces 
that  extended  between  column  lines  in  the  model. 

The  model  was  subjected  to  a  series  of  earthquake  simulations  on  the  shaking  table  at  the  U.S. 
Army  Construction  Engineering  Research  Laboratories  (US ACERL).  Experimental  measurements 
included  floor  and  VED  displacements,  floor  accelerations,  VED  forces,  and  reinforcement  strains.  This 
report  includes  detailed  descriptions  of  the  design  and  construction  of  the  model,  the  testing  program,  and 
the  data  obtained  during  the  testing.  Discussion  and  interpretation  of  the  data  that  were  collected  follows 
the  data  descriptions. 

The  earthquake  simulations  while  VEDs  were  installed  on  the  model  were  a  series  of  gradually 
increasing  intensity  replications  of  two  commonly  used  earthquake  records.  Simulation  intensities  were 
increased  until  the  displacement  limits  of  the  shaking  table  actuators  were  reached.  After  that,  the  VEDs 


m 


were  removed,  and  a  second  series  of  simulations  with  the  bare  flame  was  conducted. 

Interpretations  of  the  testing  results  are  provided  through  the  use  of  linear  models  of  the  type  that 
might  be  used  in  the  design  office.  The  analytical  models  were  used  to  assess  strength,  stiffness,  and 
serviceability  of  the  structure.  In  addition,  the  analytical  models  were  used  to  assess  the  applicability  of  the 
linear  modeling  procedures  that  have  been  recommended  in  Federal  Emergency  Management  Agency 
document  273,  NEHRP  Guidelines  for  the  Seismic  Rehabilitation  of  Buildings. 
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C.9.1  Damper  Displacement  Vs.  Elapsed  Time:  E010DL,  NW  and  NE  .  631 

C.9.2  Damper  Displacement  Vs.  Elapsed  Time:  E010DL,  SW  and  SE .  632 

C.9.3  Damper  Displacement  Vs.  Elapsed  Time:  E025DL,  NW  and  NE  .  633 

C.9.4  Damper  Displacement  Vs.  Elapsed  Time:  E025DL,  SW  and  SE .  634 

C.9.5  Damper  Displacement  Vs.  Elapsed  Time:  E050DL,  NW  and  NE .  635 

C.9.6  Damper  Displacement  Vs.  Elapsed  Time:  E050DL,  SW  and  SE .  636 

C.9.7  Damper  Displacement  Vs.  Elapsed  Time:  E075DL,  NW  and  NE  .  637 

C.9.8  Damper  Displacement  Vs.  Elapsed  Time:  E075DL,  SW  and  SE .  638 

C.9.9  Damper  Displacement  Vs.  Elapsed  Time:  E100DL,  NW  and  NE  .  639 

C.9. 10  Damper  Displacement  Vs.  Elapsed  Time:  E100DL,  SW  and  SE .  640 

C.9. 1 1  Damper  Displacement  Vs.  Elapsed  Time:  E125DL,  NW  and  NE  .  641 

C.9.12  Damper  Displacement  Vs.  Elapsed  Time:  E125DL,  SW  and  SE .  642 

C.9. 13  Damper  Displacement  Vs.  Elapsed  Time:  E150DL,  NW  and  NE  .  643 

C.9. 14  Damper  Displacement  Vs.  Elapsed  Time:  E150DL,  SW  and  SE .  644 

C.9. 15  Damper  Displacement  Vs.  Elapsed  Time:  E200DL,  NW  and  NE .  645 

C.9.16  Damper  Displacement  Vs.  Elapsed  Time:  E200DL,  SW  and  SE .  646 

C.9. 17  Damper  Displacement  Vs.  Elapsed  Time:  E250DL,  NW  and  NE  .  647 

C.9.18  Damper  Displacement  Vs.  Elapsed  Time:  E250DL,  SW  and  SE .  648 

C.9.19  Damper  Displacement  Vs.  Elapsed  Time:  T021DL,  NW  and  NE .  649 

C.9.20  Damper  Displacement  Vs.  Elapsed  Time:  T021DL,  SW  and  SE .  650 

C.9.21  Damper  Displacement  Vs.  Elapsed  Time:  T052DL,  NW  and  NE .  651 

C.9.22  Damper  Displacement  Vs.  Elapsed  Time:  T052DL,  SW  and  SE .  652 

C.9.23  Damper  Displacement  Vs.  Elapsed  Time:  T105DL,  NW  and  NE .  653 
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C.9.24  Damper  Displacement  Vs.  Elapsed  Time:  T105DL,  SW  and  SE .  654 

C.9.25  Damper  Displacement  Vs.  Elapsed  Time:  T157DL,  NW  and  NE  .  655 

C.9.26  Damper  Displacement  Vs.  Elapsed  Time:  T157DL,  SW  and  SE .  656 

C.9.27  Damper  Displacement  Vs.  Elapsed  Time:  T210DL,  NW  and  NE  .  657 

C.9.28  Damper  Displacement  Vs.  Elapsed  Time:  T210DL,  SW  and  SE .  658 

C.9.29  Damper  Displacement  Vs.  Elapsed  Time:  T262DL,  NW  and  NE  .  659 

C.9.30  Damper  Displacement  Vs.  Elapsed  Time:  T262DL,  SW  and  SE .  660 

C.9.3 1  Damper  Displacement  Vs.  Elapsed  Time:  T3 15DL,  NW  and  NE  .  661 

C.9.32  Damper  Displacement  Vs.  Elapsed  Time:  T315DL,  SW  and  SE .  662 

C.9.33  Damper  Displacement  Vs.  Elapsed  Time:  T420DL,  NW  and  NE .  663 

C.9.34  Damper  Displacement  Vs.  Elapsed  Time:  T420DL,  SW  and  SE .  664 

C.9.35  Damper  Displacement  Vs.  Elapsed  Time:  E010DS,  NW  and  NE  . 665 

C.9.36  Damper  Displacement  Vs.  Elapsed  Time:  E010DS,  SW  and  SE .  666 

C.9.37  Damper  Displacement  Vs.  Elapsed  Time:  E025DS,  NW  and  NE  .  667 

C.9.38  Damper  Displacement  Vs.  Elapsed  Time:  E025DS,  SW  and  SE .  668 

C.9.39  Damper  Displacement  Vs.  Elapsed  Time:  E025DM,  NW  and  NE .  669 

C.9.40  Damper  Displacement  Vs.  Elapsed  Time:  E025DM,  SW  and  SE  .  670 

C.9.41  Damper  Displacement  Vs.  Elapsed  Time:  T021DS,  NW  and  NE  .  671 

C.9.42  Damper  Displacement  Vs.  Elapsed  Time:  T021DS,  SW  and  SE .  672 

C.9.43  Damper  Displacement  Vs.  Elapsed  Time:  T052DS,  NW  and  NE  .  673 

C.9.44  Damper  Displacement  Vs.  Elapsed  Time:  T052DS,  SW  and  SE .  674 

C.9.45  Damper  Displacement  Vs.  Elapsed  Time:  T052DM,  NW  and  NE .  675 

C.9.46  Damper  Displacement  Vs.  Elapsed  Time:  TO 5 2D M,  SW  and  SE  .  676 

C.10.1  Damper  Force  Vs.  Displacement:  E010DL,  NW  and  NE  .  677 

C.10.2  Damper  Force  Vs.  Displacement:  E010DL,  SW  and  SE .  678 

C.10.3  Damper  Force  Vs.  Displacement:  E025DL,  NW  and  NE  .  679 

C.10.4  Damper  Force  Vs.  Displacement:  E025DL,  SW  and  SE .  680 

C.10.5  Damper  Force  Vs.  Displacement:  E050DL,  NW  and  NE  .  681 

C.10.6  Damper  Force  Vs.  Displacement:  E050DL,  SW  and  SE .  682 

C.10.7  Damper  Force  Vs.  Displacement:  E075DL,  NW  and  NE  .  683 

C.10.8  Damper  Force  Vs.  Displacement:  E075DL,  SW  and  SE . 684 

C.  10.9  Damper  Force  Vs.  Displacement:  E100DL,  NW  and  NE  .  685 

C.10.10  Damper  Force  Vs.  Displacement:  E100DL,  SW  and  SE .  686 

C.10.1 1  Damper  Force  Vs.  Displacement:  E125DL,  NW  and  NE  .  687 

C.10.12  Damper  Force  Vs.  Displacement:  E125DL,  SW  and  SE .  688 

C.10.13  Damper  Force  Vs.  Displacement:  E150DL,  NW  and  NE  .  689 

C.10.14  Damper  Force  Vs.  Displacement:  E150DL,  SW  and  SE .  690 

C.  10. 15  Damper  Force  Vs.  Displacement:  E200DL,  NW  and  NE  .  691 
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C.10.16  Damper  Force  Vs.  Displacement:  E200DL,  SW  and  SE .  692 

C.10.17  Damper  Force  Vs.  Displacement:  E250DL,  NW  andNE  .  693 

C.10.18  Damper  Force  Vs.  Displacement:  E250DL,  SW  and  SE .  694 

C. 10.19  Damper  Force  Vs.  Displacement:  T021DL,  NW  andNE  .  695 

C.  10.20  Damper  Force  Vs.  Displacement:  T021DL,  SW  and  SE .  696 

C. 10.21  Damper  Force  Vs.  Displacement:  T052DL,  NW  andNE  .  697 

C.  10.22  Damper  Force  Vs.  Displacement:  T052DL,  SW  and  SE .  698 

C.10.23  Damper  Force  Vs.  Displacement:  T105DL,  NW  andNE  .  699 

C.  10.24  Damper  Force  Vs.  Displacement:  T105DL,  SW  and  SE .  700 

C.10.25  Damper  Force  Vs.  Displacement:  T157DL,  NW  andNE  .  701 

C.  10.26  Damper  Force  Vs.  Displacement:  T157DL,  SW  and  SE .  702 

C.10.27  Damper  Force  Vs.  Displacement:  T210DL,  NW  andNE  . . .  703 

C.10.28  Damper  Force  Vs.  Displacement:  T210DL,  SW  and  SE .  704 

C.  10.29  Damper  Force  Vs.  Displacement:  T262DL,  NW  and  NE  .  705 

C.  10.30  Damper  Force  Vs.  Displacement:  T262DL,  SW  and  SE .  706 

C.  10.31  Damper  Force  Vs.  Displacement:  T315DL,  NW  andNE  .  707 

C.  10.32  Damper  Force  Vs.  Displacement:  T315DL,  SW  and  SE .  708 

C.  10.33  Damper  Force  Vs.  Displacement:  T420DL,  NW  and  NE  .  709 

C.  10.34  Damper  Force  Vs.  Displacement:  T420DL,  SW  and  SE .  710 

C.10.35  Damper  Force  Vs.  Displacement:  E010DS,  NW  and  NE  .  711 

C.10.36  Damper  Force  Vs.  Displacement:  E010DS,  SW  and  SE .  712 

C.10.37  Damper  Force  Vs.  Displacement:  E025DS,  NW  andNE  .  713 

C.10.38  Damper  Force  Vs.  Displacement:  E025DS,  SW  and  SE .  714 

C.  10.39  Damper  Force  Vs.  Displacement:  E025DM,  NW  and  NE .  715 

C.  10.40  Damper  Force  Vs.  Displacement:  E025DM,  SW  and  SE  .  716 

C. 10.41  Damper  Force  Vs.  Displacement:  T021DS,NW  andNE  .  717 

C.  10.42  Damper  Force  Vs.  Displacement:  T021DS,  SW  and  SE .  718 

C.10.43  Damper  Force  Vs.  Displacement:  T052DS,  NW  andNE  .  719 

C.  10.44  Damper  Force  Vs.  Displacement:  T052DS,  SW  and  SE .  720 

C.  10.45  Damper  Force  Vs.  Displacement:  T052DM,  NW  and  NE .  721 

C.10.46  Damper  Force  Vs.  Displacement:  T052DM,  SW  and  SE  . 722 

C.  1 1 . 1  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces  Vs.  Maximum 

Story  Shear:  E010DL  -  E125DL .  723 

C.  1 1 .2  Maximum  Sinn  of  Horizontal  Components  of  Damper  Forces  Vs.  Maximum 

Story  Shear:  E150DL  -  E250DL .  724 

C.11.3  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces  Vs.  Maximum 

Story  Shear:  T021DL  -  T262DL .  725 

C.11.4  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces  Vs.  Maximum 

Story  Shear:  T3 15DL  -  T420DL .  726 
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C.11.5  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces  Vs.  Maximum 

Story  Shear:  E010DS  -  T052DM  .  727 

C.  12. 1  Column  Shear  Vs.  Elapsed  Time:  EO 1 ODL,  E025DL .  728 

C.12.2  Column  Shear  Vs.  Elapsed  Time:  E050DL,  E075DL .  729 

C.12.3  Column  Shear  Vs.  Elapsed  Time:  E100DL,  E125DL .  730 

C.12.4  Column  Shear  Vs.  Elapsed  Time:  E150DL,  E200DL .  731 

C.12.5  Column  Shear  Vs.  Elapsed  Time:  E250DL .  732 

C.12.6  Column  Shear  Vs.  Elapsed  Time:  T021DL,  T052DL .  733 

C.12.7  Column  Shear  Vs.  Elapsed  Time:  T105DL,  T157DL .  734 

C.12.8  Column  Shear  Vs.  Elapsed  Time:  T21  ODL,  T262DL .  735 

C.12.9  Column  Shear  Vs.  Elapsed  Time:  T315DL,  T420DL .  736 

C.12.10  Column  Shear  Vs.  Elapsed  Time:  E010DS,  E025DS  .  737 

C.12.11  Column  Shear  Vs.  Elapsed  Time:  E025DM .  738 

C.12.12  Column  Shear  Vs.  Elapsed  Time:  T021DS,  T052DS  .  739 

C.12.13  Column  Shear  Vs.  Elapsed  Time:  T052DM .  740 

C.13.1  Column  Shear  Vs.  Interstory  Displacement:  E010DL,  E025DL  .  741 

C.13.2  Column  Shear  Vs.  Interstory  Displacement:  E050DL,  E075DL  .  742 

C.13.3  Column  Shear  Vs.  Interstory  Displacement:  E100DL,  E125DL  .  733 

C.13.4  Column  Shear  Vs.  Interstory  Displacement:  E150DL,  E200DL  .  744 

C.13.5  Column  Shear  Vs.  Interstory  Displacement:  E250DL .  745 

C.13.6  Column  Shear  Vs.  Interstory  Displacement :  T021DL,  T052DL .  746 

C.13.7  Column  Shear  Vs.  Interstory  Displacement:  T105DL,  T157DL  .  747 

C.13.8  Column  Shear  Vs.  Interstory  Displacement:  T210DL,  T262DL  .  748 

C.13.9  Column  Shear  Vs.  Interstory  Displacement:  T315DL,  T420DL  .  749 

C.13.10  Column  Shear  Vs.  Interstory  Displacement:  E010DS,  E025DS .  750 

C.13.11  Column  Shear  Vs.  Interstory  Displacement:  E025DM  .  751 

C.13.12  Column  Shear  Vs.  Interstory  Displacement:  T021DS,  T052DS  .  752 

C.13.13  Column  Shear  Vs.  Interstory  Displacement:  T052DM  .  753 

C.13.14  Maximum  Column  Shear  Vs.  Maximum  Story  Shear:  E010DL  -  E125DL -  754 

C.13.15  Maximum  Column  Shear  Vs.  Maximum  Story  Shear:  E150DL  -  E205DL  ....  755 

C.13.16  Maximum  Column  Shear  Vs.  Maximum  Story  Shear:  T021DL  -  T262DL  ....  756 

C.13.17  Maximum  Column  Shear  Vs.  Maximum  Story  Shear:  T315DL  -  T420DL  ....  757 

C.13.18  Maximum  Column  Shear  Vs.  Maximum  Story  Shear:  E010DS  -  T052DM  . . .  758 

C.  14. 1  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E010DL  .  759 

C.14.2  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E025DL  .  760 

C.  14.3  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E050DL  .  761 
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C.14.4  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E075DL  .  762 

C.14.5  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E100DL  .  763 

C.  14.6  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E125DL  .  764 

C.14.7  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E150DL  . 765 

C.14.8  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E200DL  .  766 

C.14.9  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  E250DL  . 767 

C.14. 10  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  T021DL  . 768 

C.14.11  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  T052DL  . 769 

C. 14.12  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  T105DL  .  770 

C.  14. 13  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  T157DL  .  771 

C.  14. 14  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  T210DL  .  772 

C.  14. 15  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  T262DL  .  773 

C.14.16  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  T315DL  .  774 

C.14. 17  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper 

Forces:  T420DL  . 775 

C.15.1  Relative  Floor  Velocities:  E010DL,  E025DL .  776 

C.15.2  Relative  Floor  Velocities:  E050DL,  E075DL .  777 

C.15.3  Relative  Floor  Velocities:  E100DL,  E125DL .  778 

C.15.4  Relative  Floor  Velocities:  E150DL,  E200DL .  779 

C.15.5  Relative  Floor  Velocities:  E250DL .  780 

C.15.6  Relative  Floor  Velocities:  T021DL,  T052DL .  781 

C.15.7  Relative  Floor  Velocities:  T105DL,  T157DL .  782 

C.15.8  Relative  Floor  Velocities:  T210DL,  T262DL .  783 

C.15.9  Relative  Floor  Velocities:  T315DL,  T420DL .  784 

C.16.1  Acceleration-Based  Transfer  Functions:  E010DL  -  E075DL  .  785 

C.16.2  Acceleration-Based  Transfer  Functions:  El 00DL-E200DL  .  786 


xxix 


C.16.3  Acceleration-Based  Transfer  Functions:  T021DL-T157DL  .  787 

C.16.4  Acceleration-Based  Transfer  Functions:  T210DL-T420DL  .  788 

C.  16.5  Acceleration-Based  Transfer  Functions:  E025N  -  E100N .  789 

C.  16.6  Acceleration-Based  Transfer  Functions:  E125N  -  E200N .  790 

C.16.7  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E010DL  and  E025DL  791 

C.16.8  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E050DL  and  E075DL  792 

C.16.9  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E100DL  and  E125DL  793 

C.  16. 10  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E150DL  and  E200DL  794 

C.  16. 1 1  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E250DL  .  795 

C. 16.12  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  T021DL  and  T052DL  796 

C.  16. 13  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  T105DL  and  T157DL  797 

C.16.14  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  T210DL  and  T262DL  798 

C.  16. 15  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  T3 15DL  and  T420DL  799 

C.16.16  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E025N  and  E050N  . . .  800 

C. 16.17  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E075N  andElOON  . . .  801 

C.16.18  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E125N  andE150N  . . .  802 

C.16.19  Fourier  Amplitude  Spectra  of  Interstoiy  Displacements:  E200N .  803 

C.  16.20  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  Initial  Conditions  804 

C.  16.21  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  E050DL  -  E100DL  805 

C.16.22  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  T210DL  -  E150DL  806 

C.  16.23  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  T3 15DL  -  T420DL  807 

C.6.24  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  E250DL  -  E050N  808 

C. 16.25  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  E075N  -  E150N  809 

C.  16.26  Free  Vibration  Tests  .  810 

C.  1 6.27  Pullback  Test  Results .  811 

C.17.1  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E050DL  and 

E075DL  .  812 

C.17.2  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E100DL  and 

E125DL  .  813 

C.17.3  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E150DL  and 

E200DL  .  814 

C.17.4  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E250DL  and 

T105DL  .  815 

C.17.5  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  T157DL  and 

T210DL  .  816 

C.17.6  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  T262DL  and 

T315DL  .  817 

C.17.7  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  T420DL  and 

E075N .  818 
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C.17.8  Input,  Kinetic,  and  Elastic  Strain  Energies:  E100N  and  E125N .  819 

C.17.9  Input,  Kinetic,  and  Elastic  Strain  Energies:  E150N  and  E200N .  820 

C.18.1  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZ1,  SGZ3,  SGZ4:  E010DL, 

E025DL  .  821 

C.18.2  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZ1,  SGZ3,  SGZ4:  E050DL, 

E075DL  . 822 

C.18.3  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZ1,  SGZ3,  SGZ4:  E100DL, 

E125DL  .  823 

C.18.4  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZ1,  SGZ3,  SGZ4:  E150DL, 

E200DL  .  824 

C.18.5  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZ1,  SGZ3,  SGZ4:  T021DL, 

T052DL  .  825 

C.18.6  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZI,  SGZ3,  SGZ4:  T105DL, 

T157DL  .  826 

C.18.7  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZI,  SGZ3,  SGZ4:  T210DL, 

T262DL  . 827 

C.18.8  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZI,  SGZ3,  SGZ4:  T315DL, 

T420DL  . 828 

C.18.9  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZI,  SGZ3,  SGZ4:  E025N, 

E050N .  829 

C.18.10  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZI,  SGZ3,  SGZ4:  E075N, 

E100N .  830 

C.18.11  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZI,  SGZ3,  SGZ4:  E125N, 

E150N . .  831 

C.18.12  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZI,  SGZ3,  SGZ4:  E200N  832 

C.19.1  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E010DL, 

E025DL  .  833 

C.19.2  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E050DL, 

E075DL  . 834 

C.19.3  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E100DL, 

E125DL  .  835 

C.  19.4  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S 1Z1,  S 1Z5,  S 1Z6:  E150DL, 

E200DL  .  836 
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CHAPTER  1 
INTRODUCTION 


1.1  Objective 

The  objective  of  this  study  was  to  investigate  the  dynamic  behavior  of  a  lightly  reinforced  concrete 
(LRC)  slab-column  structure  that  was  modified  by  adding  viscoelastic  dampers  (VEDs)  to  it.  Through  the 
investigation,  simplified  analytical  methods  to  facilitate  the  use  of  VEDs  in  seismic  retrofit  and 
rehabilitation  of  LRC  slab-column  structures  were  sought. 

1.2  Background 

Older  LRC  frame  buildings  have  performed  poorly  in  moderate  to  high  intensity  earthquakes. 

Such  structures  were  designed  using  building  codes  that  emphasize  gravity  loading,  without  providing 
sufficient  deformation  ductility  to  withstand  cyclic  lateral  motions.  LRC  structures  include  a  number  of 
inadequate  reinforcement  details.  Among  them  are  insufficient  column  reinforcement  ties  to  provide 
adequate  shear  capacity  and  confinement  of  column  longitudinal  reinforcement,  location  of  column 
reinforcement  lap  splices  in  zones  of  maximum  bending  moment,  and  insufficient  column  reinforcement  lap 
splice  length. 

In  addition  to  the  low  ductility  of  LRC  construction,  slab-column  structures  provide  poor  seismic 
resistance.  They  often  lack  sufficient  joint  capacities  for  adequate  transfer  of  earthquake-induced  shears 
and  moments,  leading  to  slab  punching  shear  failures.  Older  slab-column  structures  often  lack  continuity 
of  positive  moment  (bottom)  slab  reinforcement  in  joint  regions,  further  lowering  their  punching  shear 
capacities.  The  low  stiffness  of  slab-column  structures  can  also  lead  to  large  earthquake-induced  motions 
in  buildings,  which  can  damage  critical  equipment  and  architectural  elements. 

Conventional  means  of  rehabilitating  these  structures  (E.G.  adding  shear  walls)  can  be  costly  and 
functionally  disruptive  to  building  occupants.  Supplemental  passive  energy  dissipation  devices  may 
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provide  cost-effective  alternatives  to  the  conventional  technologies.  One  supplemental  energy  dissipation 
technique  involves  adding  VEDs  to  a  structure.  VEDs  are  typically  mounted  in  braces  that  extend  between 
the  column  lines  in  a  structure.  Earthquake-induced  tensile  and  compressive  forces  that  develop  in  the 
braces  are  carried  in  direct  shear  by  the  VEDs.  The  VEDs  both  stiffen  the  structure  and  enhance  its  energy 
dissipation  capacity.  The  viscoelastic  material  possesses  the  unique  property  of  a  phase  angle  between 
shear  stress  and  shear  strain  when  it  is  loaded  dynamically,  leading  to  the  energy  dissipation  mechanism. 
The  energy  dissipation,  or  damping,  reduces  structural  response  to  ground  motion. 

While  the  use  of  supplemental  VEDs  is  conceptually  effective,  most  prior  research  has  focused  on 
their  use  in  steel  structures.  There  has  been  concern  that  VEDs  have  limitations  that  might  preclude  their 
use  in  reinforced  concrete  structures.  Foremost  is  the  possibility  that,  for  a  VED  to  deform  sufficiently  to 
utilize  its  energy  dissipation  characteristics,  the  parent  reinforced  concrete  structure  will  have  deformed 
enough  to  undergo  significant  cracking.  In  addition,  the  high  flexibility  of  slab-column  construction  has  not 
been  studied  in  previous  research. 

1.3  Experimental  Program 

To  achieve  the  research  objective,  a  one-third  scale  replica  of  an  LRC  slab-column  structure  was 
fabricated  and  subjected  to  simulated  earthquake  motions  on  the  shaking  table  at  the  U.S.  Army 
Construction  Engineering  Research  Laboratories  (USACERL). 

(a)  Model  Structure 

The  prototype  for  this  study  is  a  three  wing  “H-shaped”  complex  of  three  story  structures,  one 
wing  of  which  was  modeled  in  the  study.  The  wing  is  rectangular  in  plan,  with  dimensions  of 
approximately  40  feet  by  1 17  feet.  The  structural  framing  system  is  predominately  an  LRC  slab-column 
moment  frame  system.  Cast-in-place  shear  walls  at  the  ends  of  the  long  dimension  provide  lateral  force 
resistance  for  transverse  ground  motions.  In  the  longitudinal  dimension,  spandrel  beams  run  the  length  of 
the  building  on  both  exterior  walls,  at  the  top  of  each  story.  The  spandrel  beams  are  cast  monolithically 
with  the  floor  slabs  and  support  exterior  wall  and  window  systems.  They  stiffen  the  framing  system  in  the 
longitudinal  direction,  and  aid  in  shear  and  moment  transfer  from  the  slab  to  the  exterior  columns. 

Columns  are  founded  on  individual  spread  footings.  The  prototype  was  constructed  in  the  mid-1950's. 
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As-built  structural  drawings  show  that  the  characteristic  weaknesses  of  LRC  frames  and  slab-column 
systems  are  present.  Details  of  the  building  are  provided  in  Chapter  2. 

A  transverse  section  near  the  center  of  the  prototype  was  modeled.  This  region  was  considered  the 
most  vulnerable  area  in  the  structure,  because  of  its  long  distance  from  the  transverse  shear  walls  and  its 
potential  for  pounding  into  the  adjoining  wing  of  the  building  during  earthquakes. 

The  model  was  constructed  at  one-third  of  full  scale.  Insofar  as  possible,  reinforcement  was  scaled 
to  one-third  of  the  prototype.  Deformed  steel  wire  was  used  to  model  the  reinforcement.  Wire  used  for 
longitudinal  reinforcement  was  annealed  to  lower  its  yield  strength  to  match  the  prototype.  First-story 
columns  in  the  model  were  cast  over  longitudinal  reinforcement  that  extended  out  of  a  monolithic  reinforced 
concrete  base  girder.  To  simulate  gravity  load  stresses  in  the  model  and  maintain  its  proper  dynamic 
response  characteristics,  lead  ingots  were  placed  on  the  floor  slabs.  The  resulting  total  floor  load  in  the 
model  was  approximately  100  psf. 

VEDs  were  added  in  the  column  lines  of  the  test  structure  by  using  diagonal  braces  that  contained 
the  devices  as  links  in  the  braces.  The  braces  were  attached  to  the  columns  by  means  of  steel  collars  that 
were  placed  on  the  columns.  The  only  other  significant  strengthening  measure  was  to  increase  column 
flexural  strength  at  the  connection  to  the  base  girder  by  using  No.  3  bars  of  Grade  60  steel,  instead  of  the 
annealed  wire  reinforcement. 

(b)  Testing  Procedures 

Prior  to  the  earthquake  simulation  testing,  representative  samples  of  the  VEDs  were  subjected  to 
static  and  dynamic  tests  in  a  universal  testing  machine,  to  characterize  them  and  ensure  they  were 
fabricated  soundly. 

Following  its  construction,  the  model  was  placed  on  the  shaking  table  for  earthquake  simulation 
tests.  Approximately  75  channels  of  data  were  recorded  in  each  test.  Instrumentation  included  longitudinal 
and  lateral  accelerations  and  displacements  of  the  shaking  table,  base  girder,  and  each  floor;  damper 
displacements;  damper  brace  force;  damper  temperature  change  (in  selected  dampers);  and  reinforcement 
strains  in  selected  column  and  slab  locations. 

Before  beginning  the  earthquake  simulations,  researchers  determined  the  natural  frequencies  and 
equivalent  viscous  damping  properties  of  the  undamaged  structure  in  four  different  configurations:  with  no 
VEDs  or  braces  installed,  with  solid  steel  braces  installed,  with  small  VEDs  installed,  and  with  large  VEDs 
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installed.  Two  different  sized  VEDs  were  available  for  use. 

All  earthquake  simulations  with  VEDs  installed  were  conducted  before  any  earthquake  simulations 
without  VEDs  were  performed.  For  the  simulations  with  VEDs  installed,  two  characteristic  earthquake 
records  were  used.  The  first  was  the  El  Centro  site  record  from  the  May  18,  1940,  Imperial  Valley,  CA, 
earthquake.  The  second  was  the  Taft  site  record  from  the  July  21,  1952,  Kern  County,  CA,  earthquake. 
Time  scales  for  both  records  were  compressed;  elapsed  times  were  1// 3  times  the  full-scale  records.  Peak 
motion  amplitudes  and  frequency  contents  of  the  two  records  differ.  The  Taft  record  motion  amplitude  was 
multiplied  by  a  factor  of  2. 1  to  equilibrate  its  spectrum  intensity  with  that  of  the  El  Centro  record. 

Researchers  conducted  a  series  of  low  level  (PGA  <  0.2  g)  earthquake  simulations  with  the  small 
VEDs  installed,  using  both  the  El  Centro  and  Taft  acceleration  records.  The  structure  was  then  tested 
using  the  same  records  with  large  VEDs  installed.  After  each  earthquake  simulation,  modal  characteristics 
of  the  model  were  determined,  and  the  model  was  checked  visually  for  cracking  or  other  deterioration. 

After  the  low  level  tests,  further  simulations  were  conducted  using  only  the  large  VEDs.  A  series 
of  simulations  of  increasing  input  motion  intensity  was  conducted,  with  PGAs  ranging  from  0.05  g  to 
almost  0.90  g.  The  sequence  of  tests  involved  running  an  El  Centro  simulation  followed  by  a  Taft 
simulation  of  approximately  the  same  spectrum  intensity,  then  repeating  the  sequence  at  a  higher  intensity. 
These  simulations  were  conducted  until  the  displacement  limits  of  the  shaking  table  horizontal  actuators 
were  reached,  without  inducing  significant  damage  in  the  model. 

Earthquake  simulations  were  then  conducted  on  the  structure  with  the  VEDs  and  their  braces 
removed.  The  collars  that  were  used  to  attach  the  VEDs  to  the  columns  were  left  in  place,  so  that  the  only 
test  variable  that  was  changed  was  the  effects  of  the  dampers  and  braces.  These  simulations  used  only  the 
El  Centro  record  as  input,  with  PGAs  ranging  from  0.10  g  to  almost  1.00  g.  Testing  was  concluded  after 
1.00  g  El  Centro  simulation,  when  failure  of  the  second  and  third  story  exterior  slab-column  joints 
occurred. 

1.4  Scope  of  Study 

Chapter  2  outlines  the  designs  of  the  prototype  and  model  structures.  The  as-built  details  of  the 
prototype  slab-column  structure  are  presented,  and  the  details  are  compared  with  currently  recommended 
design  procedures.  This  comparison  illuminates  the  shortcomings  of  older  construction  practices  that  lead 
to  “non-ductile”  behavior.  The  design  of  the  scaled-model  is  also  presented,  showing  areas  of  both 
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similarity  and  difference  between  the  prototype  and  it.  Chapter  2  also  outlines  the  basic  procedures  that  are 
used  to  design  VED  systems  for  buildings,  and  presents  an  overview  of  the  procedures  used  to  design  the 
VED  system  that  was  implemented  for  this  study. 

Chapter  3  outlines  the  preliminary  testing  of  the  VEDs  that  was  used  to  characterize  their  stiflness 
and  damping  properties,  discusses  the  actual  fabrication  of  the  test  structure,  and  details  the  earthquake 
simulation  sequence.  The  information  in  this  chapter  is  supplemented  by  three  appendices  that  are  provided 
at  the  end  of  this  report.  Appendix  A  provides  a  more  detailed  discussion  of  the  model  fabrication 
procedures.  Appendix  B  summarizes  key  operating  characteristics  of  the  USACERL  shaking  table  and  the 
data  acquisition  systems  used  in  the  study.  Appendix  D  provides  more  detail  on  the  dynamic  testing  of  the 
VEDs. 

Chapter  4  presents  general  observations  that  were  made  during  the  earthquake  simulations,  without 
extensive  interpretation.  Recorded  data  and  visual  observations  of  the  condition  of  the  model  are  provided. 
Because  of  the  large  quantity  of  data,  only  significant  and  representative  samples  of  data  are  provided  in 
Chapter  4.  Appendix  C  provides  a  complete  compilation  of  all  recorded  data. 

Chapter  5  presents  an  interpretation  of  the  recorded  data  and  visual  observations,  keying  on  the 
representative  data  samples  of  Chapter  4.  A  synthesis  of  the  recorded  data  and  visual  observations 
provides  an  overview  of  the  condition  of  the  structure  and  the  performance  of  the  various  structural 
elements,  particularly  the  VEDs. 

In  Chapter  6,  linear  dynamic  analysis  techniques  are  employed  as  a  further  means  of  data 
interpretation,  and  as  a  means  of  examining  potential  approaches  for  modeling  VED-equipped  slab-column 
structures  in  the  retrofit  design  process.  In  addition,  techniques  for  modeling  and  analyzing  these  structures 
that  are  emerging  through  the  auspices  of  the  Federal  Emergency  Management  Agency  and  the  National 
Earthquake  Hazards  Reduction  Program  are  examined. 

Chapter  7  summarizes  the  study,  draws  conclusions  from  the  analyses  and  interpretations  of 
Chapters  2-6,  and  makes  recommendations  for  future  activities. 

1.5  Report  References 

References  used  in  this  report  are  listed  alphabetically  in  the  List  of  References,  which  is  placed 
immediately  after  Chapter  7. .  References  are  listed  alphabetically  and  numbered.  In  the  body  of  each 
chapter  and  appendix,  reference  numbers  are  provided  in  brackets  ([  ]). 
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CHAPTER  2 

DESIGN  OF  PROTOTYPE  AND  TEST  STRUCTURES 


This  chapter  describes  major  features  of  the  prototype  structure,  the  design  of  the  scaled  test 
structure,  and  the  design  of  the  viscoelastic  damper  (VED)  system  that  was  installed  as  a  rehabilitation 
measure  on  the  test  structure.  In  Section  2.1,  detailed  descriptions  of  the  prototype  structure  are  provided. 
Key  details  are  shown.  Relevant  provisions  of  the  design  basis  building  codes  are  listed,  and  those 
provisions  are  compared  with  current  building  code  requirements.  In  this  manner,  some  of  the  prominent 
shortcomings  in  the  seismic  resistance  of  the  original  structural  system  are  highlighted,  pointing  out  the 
need  for  developing  effective  seismic  rehabilitation  schemes  for  it.  In  Section  2.2,  the  design  of  the  scaled 
model  structure  is  discussed,  showing  primary  similarities  and  differences  between  it  and  the  prototype. 
Emphasizing  the  Modal  Strain  Energy  Method,  the  design  procedure  for  VEDs  is  discussed  in  Section  2.3. 
The  basic  design  procedure  for  lightly  damped  structures,  as  with  structural  steel,  is  outlined,  and 
modifications  to  the  procedure  that  account  for  the  higher  inherent  damping  found  in  reinforced  concrete 
structures  are  introduced.  Finally,  in  Section  2.4  the  interaction  of  VEDs  with  adjoining  brace  elements  is 
discussed,  to  provide  background  for  the  later  consideration  of  the  brace  effects  in  modeling  the  structure 
analytically. 

2.1  Prototype  Structure  Description 

The  model  that  was  tested  on  the  USACERL  shaking  table  replicates  a  section  of  a  barracks 
building  that  was  constructed  by  the  U.S.  Army  Corps  of  Engineers  at  Fort  Lewis,  Washington,  near 
Seattle,  in  the  mid-1950's.  The  barracks’  original  design  analysis  was  not  available,  but  as-built  drawings 
for  it,  dated  June  1956,  were.  The  drawings  provided  construction  details,  and  key  statements  concerning 
the  basis  for  the  design. 
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(a)  As-Built  Drawings 


The  prototype  barracks  building  is  a  structural  system  that  combines  three  adjoining  wings,  two  of 
which  are  mirror  images  of  each  other  and  are  connected  by  the  third  wing.  Several  of  these  systems  were 
built  at  Fort  Lewis.  One  of  the  two  nearly-identical  wings  was  the  focus  of  this  study.  Figure  2. 1  shows 
the  exterior  of  this  structure  as  it  appears  today;  the  door  shown  was  apparently  added  after  the  initial 
construction.  The  structure  is  39'  8"  wide  and  1 17'  0"  long.  Figures  2.2  and  2.3  are  copies  of  its  as-built 
floor  plans.  The  building  is  three  stories  tall,  with  both  lower  floors  and  the  roof  having  a  flat  slab 
construction.  The  roof  slab  is  sloped  upward  (3/s"  per  foot)  to  the  center  of  the  structure  and  is  topped  with 
a  built-up  roofing  system.  All  columns  in  the  structure  are  founded  on  individual  spread  footings. 

In  its  longitudinal  dimension,  the  structure  is  a  reinforced  concrete  moment  frame,  two  bays  wide 
and  six  bays  long.  The  two  exterior  column  lines  have  continuous  spandrel  beams  at  all  levels.  The  left 
section  shown  in  Figure  2.4  shows  the  exterior  column  line-wall  system.  The  spandrels  support  the  exterior 
wall  and  window  systems,  provide  flexural  and  shear  capacity  in  the  longitudinal  direction,  and  transmit 
loads  from  the  floor  slabs  to  the  columns  in  the  exterior  column  line. 

In  the  transverse  dimension,  the  structure  has  8"  reinforced  concrete  shear  walls  at  each  end  of  the 
structure  (right  side  of  Figure  2.4).  Between  the  two  shear  walls,  the  structure  is  an  open-bay  flat  slab 
system  that  is  two  bays  wide.  At  the  first  floor  level,  there  are  numerous  4"  concrete  masonry  walls.  They 
are  not  typically  placed  within  column  lines.  One  bay  in  each  of  two  of  the  five  transverse  column  lines 
contains  such  a  wall.  On  each  of  the  second  and  third  floors,  there  is  a  4"  concrete  masonry  wall  in  the 
middle  transverse  column  line  (of  five).  The  masonry  wall  is  lightly  reinforced,  with  single  #3  reinforcing 
bars  placed  at  4'  0"  intervals,  horizontally  and  vertically,  in  grouted  cells.  There  is  no  evidence  that  the 
walls  were  designed  to  resist  lateral  force.  For  the  purposes  of  this  study,  these  walls  were  assumed  not  to 
contribute  to  the  lateral  force-resisting  system. 

All  slabs  are  7"  thick.  The  first  and  second  floor  slabs  are  conventional  flat  slabs;  the  roof  slab 
differs  slightly,  in  that  it  has  the  previously  mentioned  slope.  The  slabs  were  designed  as  two-way 
elements,  with  “column”  and  “middle”  strip  reinforcement  designs.  The  slab  reinforcing  schedules  for  the 
first  and  second  floor  slabs  are  identical,  while  the  third  floor,  or  roof,  slab  is  more  lightly  reinforced.  The 
positive  moment  (bottom)  steel  is  discontinuous  over  the  interior  column.  While  there  is  no  capital  at  the 
interior  column,  there  is  a  “shearhead”  (term  used  on  as-built  drawings)  composed  of  bent  steel 
reinforcement.  Figure  2.6  is  an  as-built  detail  of  this  shearhead.  The  shearhead  is  composed  of  two  upper 
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and  two  lower  #3  ties  that  extend  around  the  column  perimeter,  and  a  series  of  V-shaped  #3  “prongs”  (term 
used  on  as-built  drawings)  that  are  placed  around  the  column  perimeter  and  oriented  at  an  approximate  45° 
angle  to  the  slab  surfaces.  Each  leg  of  each  prong  is  9-Vi"  long.  Approximately  50%  of  the  negative 
moment  (top)  reinforcement  in  the  column  strip  zone  in  each  direction  at  the  interior  column  is  concentrated 
over  the  width  of  the  shearhead.  At  the  exterior  column  lines,  the  slabs  are  cast  monolithically  with  the 
spandrel  beams  for  the  exterior  walls.  The  negative  moment  reinforcement  is  bent  90°  downward  into  the 
spandrels. 

The  exterior  column  dimensions  are  typically  12"  x  23-%"  for  all  three  stories  (Figure  2.5), 
although  dimensions  vary  in  the  area  where  the  adjacent  building  wings  adjoin.  Longitudinal  reinforcement 
is  eight  #6  bars  for  the  entire  building  height.  Confinement  of  the  longitudinal  reinforcement  is  provided  by 
double  #3  closed  loop  ties  spaced  12"  center-to-center  (c-c). 

The  interior  column  dimensions  are  all  14"  x  14"  for  all  stories.  Longitudinal  reinforcement  for 
each  upper  story  interior  column  is  four  #7  bars.  First  story  longitudinal  reinforcement  varies  from  four  #8 
bars  (two  columns),  to  four  #9  bars  (two  columns),  to  four  #10  bars  (one  column).  Confinement  is 
provided  by  single  #3  closed  loop  ties  spaced  12"  c-c. 

The  spandrel  beam  cross-sections  are  somewhat  irregularly  shaped,  because  of  their  use  in  external 
architecture.  The  roof  spandrel  approximates  a  rectangular  section  that  is  1'  0"  wide  x  1'  6-Vfe"  deep,  while 
the  lower  floor  spandrels  approximate  rectangular  sections  that  are  10"  wide  x  1'  3-%"  deep.  Positive 
moment  reinforcement  varies  from  two  #6  bars  in  the  roof  spandrel  to  three  #6  bars  in  the  lower  floors;  this 
reinforcement  is  discontinuous  in  the  spandrel-column  joint  regions.  Maximum  negative  moment 
reinforcement  varies  from  two  #6  and  one  #5  in  the  roof  spandrel  to  two  #6  and  two  #7  in  the  lower  floors. 
At  least  two  #6  bars  are  placed  in  the  top  of  each  spandrel  beam  for  its  entire  length.  Specified  minimum 
splice  length  is  T  6"  for  the  top  bars.  Confinement  is  provided  by  single  #3  closed  loop  ties  spaced  12"  c-c. 

Minimum  concrete  cover  is  specified  as  %"  in  the  slabs  and  1  -54"  in  the  columns. 

(bl  Design  Basis  Building  Codes 

The  as-built  drawings  indicate  that  the  Pacific  Coast  Uniform  Building  Code  (PCUBC)  and  the 
ACI  Building  Code  were  used  in  design  calculations.  Code  dates  were  not  given.  Based  on  the  drawing 
dates  and  the  codes  that  were  available  to  the  author,  the  requirements  of  the  1955  edition  of  the  Pacific 
Coast  Uniform  Building  Code  [33]  and  ACI  318-51  [5]  were  assumed  to  be  the  design  basis  codes. 
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Reference  33  provided  designers  with  the  following  basis  for  an  “equivalent”  static  lateral  seismic 

loading: 

(2.1) 

_  015Z 

1  N,  +  4  5  (2-2) 

In  these  equations,  “F”  represents  the  lateral  force  that  is  to  be  applied  at  story  level  “Z”  is  a  seismic 
zonation  factor;  “N”  is  the  number  of  stories  above  the  story  level  i;  and  “W”  is  the  total  dead  load  of 
story  7.  The  as-built  drawings  indicate  that  the  structure  was  designed  for  PCUBC  Zone  3;  Reference  33 
specifies  a  value  of  4  for  Z  in  this  case.  Using  these  equations  results  in  the  following  lateral  load 
distributions  for  the  structure: 


F3  =  0.133 

F2  =  0.109  W2  (2.3) 

Fj  =  0.092  W} 

Using  the  approximate  dead  load  distributions  of  108  psf  for  floor  3  and  1 15  psf  for  floors  1  and  2 
(see  Table  2.1),  and  an  approximate  area  of  4,641  square  feet  per  floor,  the  lateral  forces  computed  using 
Equations  2.3  are  67  kips,  58  kips,  and  49  kips,  for  floors  3,  2,  and  1,  respectively.  The  resulting  base 
shear  is  174  kips,  which  is  approximately  1 1%  of  the  total  dead  load  weight  of  the  building. 

Reference  5  (ACI 3 18-5 1)  outlines  the  basis  for  the  reinforced  concrete  design  for  the  structure. 

Working  stress  procedures  were  followed  (standard  practice  for  the  day).  The  as-built  drawings 
indicate  that  the  required  28  day  compressive  strength  (f%)  for  the  structural  concrete  was  3,000  psi,  while 
all  reinforcement  was  specified  as  “intermediate  grade”  deformed  bars,  with  fs  =  20,000  psi. 

The  as-built  drawings  provide  slab  reinforcement  details  (i.e.  column  and  middle  strip  requirements 
for  both  the  lateral  and  longitudinal  slab  directions)  that  indicate  two-way  slab  design  procedures  were 
followed. 

Key  design  detail  requirements  from  ACI  318-51  include: 

(1)  Minimum  slab  thickness  —  —  ,  where  L  is  the  c-c  distance  between  columns.  In 

w  36 

this  structure,  the  minimum  thickness  is  therefore  6.44"  (vs  the  7"  provided). 

(2)  Minimum  slab  reinforcement  in  the  primary  direction  =  0.0025  bd.  The  prototype 
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slab  reinforcement  configurations  exceeded  this  minimum. 

(3)  Minimum  slab  reinforcement  in  the  transverse  direction  =  0.002  bd  (0.0025  bd for 
the  roof  slab).  The  prototype  slab  reinforcement  configurations  exceeded  this  minimum. 

(4)  Maximum  slab  reinforcement  spacing  *  3t,  in  the  primary  direction,  <r  the  smaller  of 
5t  or  18"  in  the  transverse  direction.  Since  the  slab  is  7"  thick,  a  logical  interpretation  of  this  requirement 
(3t  =  21")  would  require  a  maximum  spacing  of  18"  in  either  the  primary  or  transverse  directions. 
Examination  of  the  prototype  slab  reinforcement  schedules  showed  one  area  in  which  this  requirement  is 
violated.  The  negative  moment  zone  of  the  middle  strip  (116"  wide)  in  the  transverse  direction  has  7  bars, 
for  an  average  spacing  of  19.33".  Otherwise,  all  specified  slab  reinforcement  meets  this  requirement. 

(5)  Where  a  column  capital  is  present,  at  least  50%  of  the  slab ’s  negative  moment  (top) 
steel  must  pass  through  the  capital  width.  While  no  capital  is  present,  the  designers  concentrated  the 
negative  moment  steel  in  the  “shearhead”  region,  with  the  apparent  intent  of  complying  with  this 
requirement.  The  exact  width  of  the  shearhead  is  not  given,  but  scaling  from  the  as-built  drawings 
indicates  that  this  zone  is  approximately  38"  wide.  Of  the  total  of  7.06  square  inches  (in2)  of  column  strip 
top  reinforcement  (nine  U 6  and  ten  #5)  in  the  primary  direction  for  a  typical  interior  column,  3.96  in2  (nine 
#6)  is  concentrated  in  the  shearhead  zone.  Of  the  total  of  5.12  in2  of  column  strip  top  reinforcement  (six  #6 
and  eight  #5)  in  the  transverse  direction  for  a  typical  interior  column,  2.64  in2  (six  #6)  is  concentrated  in 
the  shearhead  zone.  In  both  instances,  slightly  more  than  50%  of  the  reinforcement  has  been  concentrated 
in  the  shearhead  zone. 

(6)  In  exterior  panels,  positive  moment  (bottom)  slab  steel  must  be  embedded  at  least  6" 
in  spandrel  beams.  Negative  moment  (top)  slab  steel  must  be  bent  into  spandrel  beams.  The  as-built 
drawings  are  not  clear  but  seem  to  indicate  that  the  reinforcement  was  placed  in  accordance  with  these 
requirements.  The  drawings  specify  that  the  top  bars  are  “hooked”  at  the  spandrel  beams. 

(7)  A  "hook"  may  be  a  90°  bend,  with  a  minimum  radius  of  four  bar  diameters  and  a 
minimum  extension  of  12  bar  diameters.  In  the  typical  first  floor  column  strip,  #6  bars  were  used  in  the 
exterior  panels,  which  would  require  an  extension  of  9"  beyond  the  bar  bend.  In  the  typical  first  floor 
middle  strip,  #4  and  #5  bars  were  used  in  the  exterior  panels,  which  would  require  extensions  of  6"  and  7- 
Vi  beyond  the  bar  bends,  respectively.  This  specific  information  is  not  provided  by  the  as-built  drawings, 
but  is  assumed  to  have  been  followed. 

(8)  In  tied  columns,  the  minimum  splice  length  is  20  bar  diameters  (dj.  The  as-built 
drawings  added  the  requirement  that  the  minimum  splice  length  could  not  be  less  than  18".  They  do  not 
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delineate  the  actual  splice  lengths,  or  their  locations.  The  author  assumed  that  all  column  reinforcement 
splices  were  made  immediately  above  the  floor  slab  level  in  each  story.  For  the  typical  column 
reinforcement  of  #6  bars  in  the  exterior  first  floor  columns,  and  the  typical  column  reinforcement  of  #8 
bars  in  the  interior  first  floor  columns,  the  required  minimum  splice  length  would  be  18". 

(9)  In  tied  columns,  ties  must  have  a  minimum  diameter  (dt)  of  V/'.  The  maximum  tie 
spacing  is  the  lesser  of  16  d^  48  dt,  or  the  smaller  cross-sectional  dimension  of  the  column.  All  ties  were 
specified  as  #3  bars  (3/8M  diameter).  For  the  typical  interior  (14"  x  14")  column  with  #8  bars,  the  required 
maximum  tie  spacing  is  therefore  14".  For  the  typical  exterior  column  with  #6  bars,  the  required  maximum 
tie  spacing  is  therefore  12".  Tie  spacings  are  shown  on  the  drawings  to  be  a  uniform  12"  c-c  for  all 
columns,  complying  with  the  code  requirements. 

(10)  When  there  are  more  than  four  vertical  bars  in  a  tied  column,  ties  must  be 
furnished  to  hold  every  longitudinal  bar  in  position  and  provide  lateral  support  that  is  equivalent  to  a 
90°  tie  comer.  Figure  2.5,  which  is  excerpted  from  the  as-built  drawings,  indicates  that  this  requirement  is 
met  by  the  design. 

(c)  Comparison  of  Design  with  Current  Building  Code  Requirements 

No  attempt  has  been  made  to  establish  the  ultimate  lateral  load  capacity  of  the  prototype  structure, 
because,  as  will  be  discussed  in  the  model  design  narrative,  several  generalizations  were  made  in 
developing  the  model  design  that  result  in  the  model’s  not  being  an  exact  replica  of  the  prototype. 

However,  a  comparison  of  the  1950's  design  with  current  building  code  requirements  is  helpful  in 
establishing  the  general  need  for  seismically  upgrading  a  structure  like  the  prototype. 

A  direct  comparison  of  design-basis  equivalent  static  lateral  loading  is  difficult,  because  the  1950's 
procedure  was  based  on  working  stress  principles,  while  current  procedures  are  based  on  a  combination  of 
the  ultimate  strength  of  the  structure  and  a  number  of  working  stress  principles.  In  addition,  the  actual 
strength  and  ductility  of  the  structure  are  more  important  than  the  original  design  procedure.  However,  it  is 
instructive  to  examine  the  vertical  distribution  of  the  inertial  loads  that  are  applied  in  the  equivalent  static 
lateral  load  procedures  because  all  design  forces  and  displacements  depend  on  it.  Using  the  distributed 
loads  found  on  the  as-built  drawings,  the  approximate  distributed  dead  load  on  the  first  and  second  floors  is 
115  psf,  while  the  distributed  dead  load  on  the  third  floor,  or  roof,  is  108  psf  (Table  2. 1).  Using  these 
distributed  loads,  the  design  lateral  loads  in  Equation  2.3  can  be  normalized  with  respect  to  the  top  floor 
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load: 


F3  =  1.00F 

F2  =  0.87F  (2.4) 

F,  =  0.74F 

In  Equation  2.4,  the  term  “F”  represents  the  lateral  force  for  the  third  floor,  Fh  from  Equation  2.3. 

Using  the  procedures  outlined  in  Section  2.3  of  Reference  32,  for  an  ordinary  reinforced  concrete 
moment  frame  system  and  an  effective  peak  velocity-related  acceleration  (A,,)  of  0.20  (applicable  for  Fort 
Lewis),  the  normalized  lateral  force  distribution  is: 

F3  =  1.00F 

F2  =  0.71F  (2.5) 

F,  =  0.35F 

In  Equation  2.5,  the  term  “F”  represents  the  lateral  force  for  the  third  floor,  F3,  that  is  computed  using  the 
NEHRP  [32]  requirements. 

Using  the  approximate  dead  load  distributions  of  108  psf  for  floor  3  and  115  psf  for  floors  1  and  2 
(Table  2.1),  and  an  approximate  area  of  4,641  square  feet  per  floor,  the  lateral  forces  computed  using 
Equations  2.5  are  184  kips,  131  kips,  and  65  kips,  for  floors  3,  2,  and  1,  respectively.  The  resulting  base 
shear  is  380  kips,  which  is  approximately  24%  of  the  total  dead  load  weight  of  the  building. 

Current  design  procedures  provide  a  load  distribution  that  places  over  twice  the  total  lateral  force 
on  the  structure  and  significantly  higher  relative  force  on  the  upper  sections  of  the  structure  than  the  1950's 
procedures  did.  Both  calculated  member  forces  and  resulting  member  displacements  will  be  much  higher 
using  the  current  procedures.  Because  of  the  different  vertical  distribution  of  lateral  forces,  the 
implications  are  more  severe  for  upper  floors  than  for  lower  floors.  It  will  be  instructive  to  reflect  on  these 
design  load  distributions  when  examining  the  test  data  that  were  collected,  both  in  terms  of  the  inertial 
forces  and  displacements  that  occur  at  each  floor  level,  and  in  terms  of  observed  structural  damage 
mechanisms. 

As  mentioned  in  Chapter  1,  the  flat  slab  system  is  not  viewed  as  an  effective  lateral  load-resisting 
system.  The  inherent  flexibility  of  the  system  permits  very  large  lateral  displacements  to  occur,  and  the  low 
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shear  and  flexural  capacities  of  the  slab-column  connection  increase  the  likelihood  of  catastrophic  failure. 
Neither  of  the  1950's  codes  [5,  33]  addressed  the  use  of  the  flat  slab  system  for  seismic  applications.  By 
contrast,  present-day  codes  discourage  the  use  of  this  system  in  areas  of  moderate  to  high  seismicity. 
Reference  32  (“NEHRP”)  does  not  specifically  address  flat  slab  structures.  But,  granting  the  inclusion  of 
this  system  in  the  NEHRP  classification  of  Ordinary  (concrete)  Moment  Frames  (frames  that  conform  to 
the  provisions  of  Reference  7,  exclusive  of  its  Chapter  21),  or  the  classification  of  Intermediate  (concrete) 
Moment  Frames  (frames  that  conform  to  the  provisions  Section  21.8  of  Reference  7)  this  construction 
would  not  be  permitted  at  Fort  Lewis  today,  based  on  NEHRP  Table  2.2.2,  which  lists  basic  structural 
systems  and  limitations  on  their  use.  This  conclusion  is  based  on  the  building’s  classification  in  NEHRP 
Seismic  Hazard  Exposure  Group  II  (buildings  that  have  a  substantial  public  hazard  due  to  occupancy  or 
use),  and  thus  into  NEHRP  Seismic  Performance  Category  D,  for  an  Av  value  of  0.20  (A*  for  Fort  Lewis). 
In  Section  21.8  of  Reference  7  (ACI 318-95),  design  detailing  requirements  for  flat  slab  construction  in 
zones  of  “moderate”  seismic  risk  are  given.  The  area  in  which  Fort  Lewis  is  located  is  classified  as  an 
area  of  higher  seismicity,  leading  to  the  conclusion  that  ACI  318-95  discourages  the  use  of  the  flat  slab 
system  in  this  higher  seismicity  region,  regardless  of  occupancy. 

Older  (pre- 1970's)  reinforced  concrete  building  construction  has  become  known  as  “nonductile”  or 
“lightly  reinforced.”  This  terminology  is  related  to  the  lesser  degree  of  core  confinement  in  flexural 
members,  shorter  reinforcement  development  and  lap  splice  lengths,  and  more  lightly  reinforced  joint 
regions  in  the  older  structures,  as  compared  to  current  requirements.  Following  is  a  brief  comparison  of 
some  of  the  key  reinforcement  requirements  of  ACI  318-95  with  the  design  of  the  prototype  structure.  The 
comparison  focuses  on  the  seismic  provisions  of  Section  21.8  of  ACI  318-95,  which  presupposes  siting  in 
an  area  of  low  to  moderate  seismicity.  Comparison  with  the  more  stringent  provisions  of  Sections  21.2  - 
21.7  of  ACI  318-95  would  be  inconsistent  with  the  use  of  the  flat  slab  system. 

(1)  ACI  318-95  requires  the  same  minimum  slab  thickness  of  Z/36  that  was  required  by 

ACI  318-51. 

(2)  Minimum  slab  reinforcement  quantities  and  maximum  slab  reinforcement  spacings, 
for  temperature  reinforcement,  remain  largely  unchanged.  But,  ACI  318-95  Section  13.3.2  requires  a 
maximum  reinforcement  spacing  <,  2t  in  critical  sections  (for  flexure  calculations).  This  provision  is 
intended  to  enhance  structural  integrity  and  reduce  slab  cracking.  Several  of  the  middle  strip  regions  of 
each  floor  would  violate  this  requirement. 

(3)  ACI  318-95  does  not  carry  the  same  specific  requirement  for  concentrating  50%  of 
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the  slab’s  negative  moment  steel  in  the  capital  width  that  is  found  in  ACI 318-51.  Rather,  ACI 318-95 
Section  13.5.3  requires  that  an  effective  slab  width  1.5  slab  thicknesses  on  either  side  of  the  column  or 
capital  be  designed  to  transfer  a  fraction  of  the  unbalanced  slab  moment  at  the  joint  in  flexure,  and  that 
sufficient  slab  reinforcement  be  concentrated  in  the  effective  width  to  accommodate  the  unbalanced 
moment.  Similar  to  the  ACI  318-51  provision.  Section  21.8.6.3  requires  that,  in  areas  of  moderate 
seismicity,  at  least  50%  of  the  column  strip  steel  be  placed  in  the  effective  width  zone. 

(4)  The  ACI  318-51  requirements  for  embedding  both  the  top  and  bottom  slab  steel  in  the 
spandrel  beam  zone,  and  the  requirements  for  “hooked”  bars,  remain  largely  unchanged  in  ACI  318-95. 
However,  Section  12.5.2  of  ACI  318-95  adds  basic  development  lengths  for  hooked  bars.  For  the  #6  bars 
found  bent  into  the  spandrels  from  the  prototype  slabs,  ACI  318-95  requires  a  minimum  development 
length  of  7.7"  from  the  hook  to  the  critical  section  for  flexure.  The  prototype  spandrel  widths  of  10"  -  12" 
(varies)  permit  less  than  the  full  development  length  for  the  slab  reinforcement.  Since  it  is  likely  that  the 
90°  hook  is  placed  at  the  mid-width  of  the  spandrel  beam,  a  length  of  only  5"  -  6"  to  the  spandrel-slab 
interface  is  available  for  development.  Bar  slippage  can  prevent  the  full  tensile  capacity  of  the 
reinforcement  from  developing  at  the  interface  and  limit  the  energy  dissipation  capacity  of  the  system. 

(5)  Section  13.3.8.5  of  ACI  318-95  requires  that  all  bottom  bars  in  the  slab  column  strips 
in  each  direction  be  continuous  (splices  are  permitted),  with  at  least  two  bars  passing  through  the  column 
core.  This  provision  is  intended  to  help  prevent  a  catastrophic  collapse  of  the  slab  if  a  punching  shear 
failure  of  the  slab  occurs.  In  areas  of  moderate  seismicity.  Section  21 .8.6.5  of  ACI  3 1 8-95  specifies  that 
the  continuous  bottom  reinforcement  quantity  be  not  less  that  ’A  the  quantity  of  the  top  reinforcement  in  the 
column  strip.  Section  21.8.6.6  of  ACI  318-95  further  specifies  that  the  continuous  bottom  reinforcement 
quantity  not  be  less  than  14  the  required  bottom  reinforcement  quantity  at  midspan.  The  prototype  has 
discontinuous  bottom  bars.  In  addition  to  posing  a  safety  problem,  the  discontinuity  at  the  column 
centerline  can  lead  to  bar  slippage  under  load  reversals,  reducing  energy  dissipation  capacity. 

(6)  Section  21.8.6.4  of  ACI  318-95  requires  that  not  less  than  54  of  the  top  reinforcement 
in  the  column  strip  at  the  support  be  continuous  throughout  the  span,  in  areas  of  moderate  seismicity.  This 
requirement  again  helps  prevent  catastrophic  collapse.  The  top  bars  in  the  prototype  are  all  discontinuous. 

(7)  Sections  12.2.2,  12.15.1,  12.15.2,  and  12.17.2  require  column  reinforcement  splice 
lengths  of  43"  for  #6  bars  and  72"  for  #8  bars,  for  Class  B  splices.  These  splice  lengths  exceed  the  18" 
specified  for  the  prototype,  indicating  potential  development  length,  and  accompanying  bar  slip,  problems 
in  the  column  reinforcement.  In  addition,  the  author  assumed  that  column  reinforcement  lap  splices  were 
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placed  directly  above  each  floor  slab  level;  no  information  on  splice  locations  was  provided  on  the  as-built 
drawings.  Because  of  its  convenience  for  construction,  this  practice  has  been  common,  but  the  location  is 
poor  because  of  high  flexural  force  magnitude  and  load  transfer.  While  Section  21.8  of  ACI 318-95,  which 
addresses  seismic  design  for  areas  of  moderate  seismicity,  does  not  specifically  treat  this  practice.  Section 
21.4.3.2  states  “Lap  splices  shall  be  permitted  only  within  the  center  half  of  the  member  length  ...”  The 
potential  bar  slip  mechanism  limits  the  energy  dissipation  capacity  of  the  system. 

(8)  Section  21.8.5  of  ACI  318-95  requires  ties  for  the  entire  height  of  each  column.  For  a 
length,  10,  extending  from  each  joint  face,  the  maximum  tie  spacing  cannot  exceed  s0.  The  spacing  sG  is  the 
lesser  of  8  db ,  24  dt ,  or  54  the  smaller  cross-sectional  dimension  of  the  column.  The  length  10  is  the  larger 
of  1/6  the  clear  span,  the  larger  cross-section  dimension  of  the  column,  or  18".  In  the  column  mid-height 
length,  the  tie  spacing  cannot  exceed  twice  s0.  For  the  exterior  columns,  this  requires  a  maximum  tie 
spacing  not  exceeding  6.00"  for  a  length  of  24.00"  from  each  end  of  each  column,  and  a  maximum  tie 
spacing  not  exceeding  12.00"  in  the  column  mid-height  region.  For  the  interior  columns,  this  requires  a 
maximum  tie  spacing  not  exceeding  7.00"  for  a  length  of  18.00"  from  each  end  of  each  column,  and  a 
maximum  tie  spacing  not  exceeding  14.00"  in  the  column  mid-height  region.  The  prototype  design 
complies  with  the  mid-height  region  requirements,  but  not  the  joint  region  requirements.  This  lack  of 
longitudinal  reinforcement  confinement  in  the  joint  regions  can  lead  to  buckling  of  the  longitudinal 
reinforcement  under  moderate  to  severe  earthquake-induced  shaking. 

(9)  Section  21.8.4  of  ACI  318-95  also  requires  stirrups  in  all  beams.  For  a  length  at  each 
end  of  each  beam  of  twice  the  member  depth  (2d),  measured  from  the  joint  face  toward  midspan,  stirrup 
spacing,  s,  cannot  exceed  the  smaller  of  d/4,  8  db  (for  smallest  bar  present),  24  d„  or  12".  Stirrup  spacing 
through  the  rest  of  the  member  length  cannot  exceed  d/2.  Using  the  average  gross  spandrel  beam  depth  of 
15.00",  this  results  in  a  stirrup  spacing  of  approximately  3  over  a  distance  of  30"  from  each  column 
face,  and  a  stirrup  spacing  of  approximately  7-54"  over  the  remaining  beam  midspan  length.  The  prototype 
stirrup  spacing  of  12"  violates  these  requirements.  This  lack  of  longitudinal  reinforcement  confinement  in 
the  joint  regions  can  lead  to  buckling  and  twisting  of  the  longitudinal  reinforcement  under  moderate  to 
severe  earthquake-induced  shaking.  Moreover,  the  lack  of  stirrups  decreases  the  torsional  capacity  of  the 
spandrel,  creating  potential  moment  transfer  problems  at  the  spandrel-column  interface  zone. 

Without  analyzing  the  ultimate  capacity  of  the  prototype  system,  this  comparison  provides  an 
overview  of  some  of  its  major  shortcomings  in  terms  of  its  ability  to  withstand  moderate  to  severe  ground 
shaking.  The  system  is  therefore  a  good  candidate  for  seismic  upgrade.  The  primary  purpose  of  this  study 
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is  to  analyze  the  behavior  of  the  older  slab-column  structure  that  has  been  retrofitted  with  a  viscoelastic 
damper  (VED)  system.  To  accomplish  this,  a  scaled  model  was  “designed”  and  built  for  seismic 
simulation  testing  on  the  USACERL  shaking  table. 

2.2  Reinforced  Concrete  Model  Design 

There  are  two  primary  purposes  for  earthquake  simulation  in  the  laboratory:  to  test  an  actual 
prototype,  and  to  test  a  theoretical  concept  represented  by  a  physical  model  [44],  In  this  instance,  the  goal 
was  to  test  the  concept  of  using  VEDs  to  retrofit  an  existing  lightly  reinforced  concrete  structure.  It  was 
not  essential  to  reproduce  the  prototype  precisely  to  fulfill  this  goal.  The  author  adopted  an  approach  that 
balanced  realism  for  the  structural  model  with  practical  application  of  the  USACERL  shaking  table. 

Even  though  shear  walls  are  the  dominant  lateral  force-resisting  elements  in  the  transverse,  or 
lateral,  dimension  of  the  prototype  building,  this  dimension  was  chosen  for  modeling.  This  decision  was 
largely  driven  by  the  size  of  the  shaking  table  platform  (12'  x  12').  A  Va-scale  model  of  the  prototype  could 
be  fabricated  and  placed  on  the  table  with  the  aid  of  a  stiff  base  girder.  At  Vb-scale,  the  length  of  the  model 
was  13'  4";  the  base  girder  could  accommodate  the  small  “overhang”  of  8"  on  either  end  of  the  table 
platform.  Appendix  A  describes  the  base  girder  construction.  A  larger  scale  would  have  necessitated  a 
significantly  larger  base  girder  and  more  severely  taxed  the  force  capabilities  of  the  shaking  table  actuators 
(because  of  larger  model  mass).  A  significantly  smaller  scale  would  have  made  modeling  the  reinforcement 
and  the  concrete  aggregate  more  problematic,  and  it  would  have  created  potentially  significant  strain  rate 
scaling  effects  on  material  properties.  Had  the  longitudinal  dimension  of  the  prototype  been  chosen  for 
modeling,  either  a  very  small  scale  would  have  been  needed,  or  a  small  section  of  the  structure  would  have 
been  tested.  Again,  smaller  scale  was  not  desirable.  To  test  a  section  in  the  longitudinal  direction  would 
have  necessitated  great  care,  and  expense,  in  modeling  slab  boundaiy  conditions  properly. 

In  a  practical  sense,  the  study  of  the  transverse  dimension  of  the  prototype  is  also  relevant  because 
the  relatively  flexible  and  weak  nature  of  the  flat  slab  system  is  likely  not  to  be  effective  in  a  dual-system 
combination  with  the  end  shear  walls.  Moreover,  the  abutting  of  this  building  directly  against  another  at  its 
mid-length  poses  serious  potential  seismic  pounding  potential,  so  reducing  displacements  is  important.  For 
the  stability  of  the  model,  two  column  lines  were  included  in  the  model.  The  model  slabs  extend  laterally  to 
the  point  that  would  be  the  mid-spans  between  column  lines  in  the  longitudinal  dimension.  No  supports 
were  provided  along  the  free  edges  of  the  extensions,  so  the  transverse  slab  action  in  these  overhanging 
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regions  does  not  exactly  model  the  prototype. 

A  geometric  scale  of  Vz  was  therefore  chosen  for  the  model.  Table  2.2  lists  the  relevant  scaling 
similitude  requirements  for  Vz  scale.  All  major  structural  elements  were  sized  to  be  Vz  the  corresponding 
prototype  dimensions.  Table  2.3  summarizes  all  major  dimensions  in  the  prototype,  exact  (ideal)  V^-scale 
model  dimensions,  and  the  actual  model  dimensions.  Ratios  of  the  actual  dimensions  to  the  exact 
dimensions  are  also  given,  as  a  means  of  checking  the  accuracy  of  the  model. 

Several  explanatory  notes  are  required  for  Table  2.3.  The  prototype  exterior  columns  on  the 
column  line  that  abuts  the  adjoining  building  (see  Figure  2.2)  vary  in  gross  dimensions;  no  two  adjacent 
columns  in  that  line  are  alike.  The  dimensions  chosen  that  were  modeled  (12"  x  23-3A")  are  found  in  the 
columns  in  this  line  and  all  but  the  two  comer  columns  in  the  opposite  exterior  column  line.  Using  these 
dimensions  for  all  exterior  columns  provided  symmetry  in  the  model.  The  prototype  spandrel  beams  were 
irregularly  shaped  and  varied  in  size  from  floor  to  floor.  The  “core”  rectangle  of  this  spandrel  was  used 
and  was  made  the  same  for  all  three  floors  in  the  model,  to  simplify  formwork.  For  the  model  dimensions, 
problems  encountered  in  the  fabrication  of  the  model  formwork  necessitated  a  small  (}/*")  increase  in  the 
width  and  thickness  of  each  column  over  the  original  design.  The  spandrel  beam  width  was  likewise 
increased.  This  seemingly  small  increase  resulted  in  significant  moment  of  inertia,  and  thus  stiffness, 
increases  for  the  columns.  These  increases  are  particularly  significant  for  uncracked  section  properties. 
Since  the  slab  dimensions  are  more  faithfully  reproduced,  there  is  more  of  a  relative  difference  in  the 
column  and  slab  stiffnesses  in  the  model  than  in  the  prototype. 

Figures  2.7  -  2.10  are  photographs  of  the  constructed  model.  Figures  2.7  and  2.8  show  the  model 
immediately  after  all  formwork  was  removed.  Figure  2.9  shows  the  model  after  the  VED  collars  and 
braces  were  installed,  but  before  it  was  placed  on  the  shaking  table.  Figure  2.10  shows  the  model  in  place 
and  ready  for  testing  on  the  shaking  table.  In  Figure  2.10,  the  reader  can  see  the  lead  weights  that  were 
required  for  modeling  the  mass  properties  of  the  prototype  and  the  supplemental  steel  safety  frame  that  was 
placed  before  testing  began.  Appendix  A  describes  both  of  these  features.  Figures  2. 1 1  -  2. 14  show  the 
model  structure  layout  and  all  gross  dimensions  for  the  model.  Note  that  the  roof,  or  third  floor,  in  the 
model  is  flat,  instead  of  sloped  as  in  the  prototype. 

To  model  the  reinforcement  in  the  slabs  and  columns,  the  reinforcement  quantities  and  spacing 
were  modeled  as  faithfully  as  possible,  consistent  with  the  similitude  requirements  listed  in  Table  2.2  and 
the  availability  of  deformed  wire  reinforcement.  Tables  2.4  -  2.5  list  the  reinforcement  quantities  in  both 
the  prototype  and  the  model  and  compare  the  reinforcement  ratios  in  the  two.  Figures  2.15-  2.25  show 
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details  for  all  reinforcement  use  in  the  model. 

Several  explanatory  notes  are  required  for  these  tables.  In  the  prototype,  the  slab  reinforcement 
volume  was  somewhat  smaller  in  the  roof  slab  than  in  the  lower  two  floors.  To  simplify  the  preparation  of 
the  model  slab  reinforcement  (which  required  annealing),  the  same  reinforcing  layout  was  used  on  all  three 
floor  levels.  The  reported  prototype  quantities  are  therefore  based  on  the  floor  slabs  found  on  the  lower 
floors.  The  exterior  prototype  column  reinforcement  for  the  12"  x  23-%"  columns  was  uniform  for  the 
entire  building  height.  The  interior  column  reinforcement  varied,  both  on  a  given  floor  level  and  from  floor 
to  floor,  though  all  interior  columns  had  the  same  dimensions.  On  the  first  floor  level,  interior  column 
reinforcement  quantities  varied  from  4-# 8  to  4-#  10  bars;  the  configuration  with  4-#8  bars  is  reported  here 
for  comparison.  On  the  upper  two  floors,  the  interior  column  was  generally  reinforced  with  4-#7  bars. 
Similarly,  the  reinforcement  quantities  in  the  prototype  spandrel  beams  varied  by  floor  level.  The  prototype 
quantities  shown  are  dominant  for  the  spandrels  on  the  first  and  second  floors.  As  shown  in  Table  2.5,  the 
model  columns  were  more  significantly  reinforced  at  the  base  level  connection  with  the  base  girder,  where 
#3  Grade  60  bars  were  stubbed  up  from  the  girder.  This  action  was  driven  by  project  schedule  constraints. 
Conventional  #3  reinforcement  was  readily  available  locally.  The  deformed  wire  that  was  used  elsewhere 
in  the  model  required  annealing  before  its  use  in  the  structure.  It  was  necessary  to  construct  the  base  girder 
before  the  wire  was  available.  It  was  also  assumed  that  any  actual  retrofit  would  likely  involve 
strengthening  the  first  story  columns,  so  that  the  use  of  the  #3  reinforcement  did  not  seem  unrealistic. 

The  interior  slab-column  joint  “shearhead”  design  found  in  the  prototype  was  not  used  in  the  model 
structure.  The  V-shaped  “prongs”  found  in  the  shearhead  design  would  have  legs  that  are  approximately 
3"  long  in  the  model.  This  extremely  short  length  would  prohibit  effective  development  of  the 
reinforcement  strength  and  likely  result  in  rapid  pullout  in  a  shear-related  failure.  The  addition  of  this 
shear  reinforcement  would  also  congest  the  slab-column  joint  region  and  make  concrete  placement  more 
difficult  and  possibly  induce  aggregate  segregation  in  the  region. 

Detailed  discussion  of  the  concrete  and  steel  reinforcement  properties  is  provided  in  Appendix  A. 
Since  the  as-built  drawings  indicated  a  design  28-day  concrete  compression  strength  of  3,000  psi,  a 
strength  of  3,600  psi  was  targeted  for  the  mix  design.  The  20%  strength  increase  was  included  to 
compensate  for  age-related  strength  increases  in  the  prototype.  The  quantities  of  concrete  that  were 
required  for  each  floor  of  the  model  exceeded  the  in-house  ability  to  mix  concrete  manually,  so  ready-mix 
concrete  was  ordered.  As  described  in  Appendix  A,  the  strength  of  the  concrete  that  was  provided  greatly 
exceeded  the  3,600  psi  target.  The  three  floor  average  was  close  to  5,900  psi.  The  concrete  that  was 
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provided  had  the  smallest  commercially  available  coarse  aggregate,  a  %"  river  gravel. 

As  supplied,  the  deformed  steel  wire  used  for  the  model  flexural  reinforcement  had  yield  strengths 
significantly  above  the  nominal  40  ksi  (based  on  fs  =  20  ksi)  of  the  prototype  reinforcement.  The  wire  was 
annealed  to  lower  yield  strengths  to  approximately  40  ksi.  This  process  is  described  and  the  post-annealing 
strengths  are  listed  in  Appendix  A. 

The  plain  wire  that  was  used  for  column  ties  and  spandrel  stirrups  was  not  annealed  and  thus  had 
significantly  higher  yield  strength,  approximately  100  ksi,  than  the  40  ksi  of  the  prototype.  As  shown 
above,  the  prototype  stirrup  and  tie  spacings  were  significantly  larger  than  current  seismic  code  provisions 
permit.  The  poor  core  concrete  and  flexural  reinforcement  confinement  that  was  provided  by  the  wide 
spacings  was  deemed  to  be  a  more  significant  problem  than  the  individual  tie  strength.  For  economic 
reasons,  the  plain  wire  was  therefore  not  annealed. 

The  prototype  structure  had  its  column  founded  on  individual  spread  footings,  so  that  some 
rotational  flexibility  is  present  at  the  prototype  column  bases.  In  the  model,  the  columns  were  cast  directly 
against  the  base  girder.  Since  there  is  a  cold  concrete  joint  at  the  column-base  girder  interface,  there  is 
some  rotational  flexibility  present,  but  the  degree  of  flexibility  is  probably  less  than  in  the  prototype.  This 
will  result  in  a  higher  first  story  stiffness  in  the  model  than  in  the  prototype.  The  rotational  stiffnesses  of 
the  model  column  bases  will  be  discussed  in  Chapter  5 . 

2.3  Viscoelastic  Damper  (VED1  Design 

The  VEDs  used  in  the  test  structure  were  designed,  fabricated,  and  donated  to  the  project  by  3M 
Corporation.  Two  different  VED  sizes  were  provided.  Figures  2.26  and  2.27  detail  the  larger  of  the  two 
VED  sizes.  The  larger  VEDs  had  four  3"  x  6"  x  14"  pads  of  3M ISD  1 10  material.  The  smaller  VEDs 
were  identical  to  the  larger  ones,  except  that  they  had  four  3"  x  3"  x  14"  pads.  The  VEDs  are  described  in 
detail  in  Appendix  D. 

3M  engineers  employed  the  Modal  Strain  Energy  Method  (MSEM)  to  design  the  VEDs.  The 
MSEM  is  summarized  here.  It  is  based  on  idealizing  a  structural  system  as  a  series  of  elastic  spring 
elements,  with  added  viscous  damping  that  provides  the  appropriate  modal  damping  ratios  for  global 
motions. 

The  strain  energy  characteristic  of  the  MSEM  involves  examining  a  proportionally  damped 
system,  in  which  all  damping  is  provided  by  VEDs  [9]: 
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Here,  ^  represents  the  structural  damping  ratio  for  the  7th  vibration  mode;  E  ‘ d  is  the  energy  dissipated  in 
one  cycle  of  motion  by  the  VEDs,  for  the  7th  vibration  mode;  and  E  ‘ s  is  the  structural  strain  energy  in  one 
cycle  of  motion,  for  the  7th  vibration  mode. 

The  modal  attribute  of  the  MSEM  involves  characterizing  the  damped  structure  in  terms  of  the  real 
natural  modes  of  an  associated  undamped  system,  with  damping  terms  inserted  into  the  uncoupled 
equations  of  motion  [9]: 


Z,(0  +ti,q,2,(I)  +co2Z.(/)  =  Pi{t)  (2.7) 

u(t)  =  £  4>,Z,(I).  7  =  1,2,3,.. J\T  (2  8) 


In  Equations  2.7  and  2.8,  Z,  is  the  7th  modal  coordinate;  co,  is  the  7th  natural  frequency;  4>,  is  the  7th  mode 
shape  vector  of  the  associated  undamped  system;  T),  is  the  modal  loss  factor  of  the  rth  natural  frequency, 
and  is  equal  to  2£,;  and  u(t)  is  the  generalized  coordinate.  These  equations  imply  that  the  damping  matrix 
expressed  in  these  generalized  coordinates  can  be  uncoupled  using  the  natural  vibration  modes  of  the 
system,  leading  to  the  ability  to  calculate  the  modal  damping  of  the  structure  using  the  mode  shapes  and  the 
VED  loss  factor  [9],  This  is  accomplished  through  examining  the  free  vibration  characteristics  of  an 
undamped  system: 

Mu+Ku  =  0  (2.9) 

M and  K  represent  the  structural  mass  and  stiffness  matrices.  The  stiffness  matrix,  K ,  is  constant,  but 
complex,  because  of  the  influence  of  the  VED.  Assume  a  displacement  of  the  form  [9]: 

1/  =  4>, V“'''  (2.10) 

In  Equation  2.10  and  later  in  this  chapter,  the  asterisk  (*  )  denotes  complex  terms.  The  complete  solution 
for  the  natural  frequencies  may  be  found  in  Reference  9  and  others,  but,  after  derivation,  the  complex 
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natural  frequencies  of  the  system  are  found  to  be  of  the  form: 


(u,*)2  =  co;2(l  = 


<t>;rA4  4>,*  *;TMr< v 


(2.11) 


In  Equation  2. 1 1,  the  R ”  subscript  denotes  the  real  coefficients  of  the  stiffness  or  mass  matrix,  both  of 
which  are  complex,  while  the  “F  subscript  denotes  imaginary  coefficients.  From  this  formulation,  the 
MSEM  approximates  the  complex  mode  shape  vector,  c|>,*,  as  its  real  counterpart,  <J>„  which  then  enables 
the  following  approximations  to  be  made  [9]: 
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The  structural  stiffness  matrix,  K,  is  viewed  as  the  sum  of  two  parts,  that  of  the  original  structure,  Ka, 
whose  coefficients  are  all  real,  and  that  of  the  dampers,  Kd,  which  has  both  real  and  imaginary  coefficients, 
K^r  sttd  iKjj'. 


K  =  K0+Kd  =  K0+KdR+iKdI  =  K0+K«  +  t 


(2.15) 


In  Equation  2. 15,  t|v  is  the  loss  factor  of  the  VED  (see  Appendix  D).  Equation  2. 14  can  then  be  rewritten: 
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In  Equation  2.16,  KR  =  K0+KdR.  Equation  2.16  facilitates  calculating  the  modal  damping  ratio: 
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A  further  approximation  is  often  made  by  assuming  that  the  vibration  mode  shapes  do  not  change  when 
VEDs  are  added  to  a  structure  [9].  With  this  assumption, 
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(2.18) 


In  Equation  2.18,  the  subscript  “oi  ”  denotes  the  7th  natural  frequency  of  the  structure  without  VEDs,  and 
the  subscript  “di  ”  denotes  the  7th  natural  frequency  of  the  structure  with  VEDs.  References  9  and  1 1 
compare  the  results  of  first  mode  damping  ratios  calculated  using  Equations  2.17  and  2.18  with 
experimentally  determined  first  mode  damping  ratios  in  a  five  story  steel  model  for  several  different 
distributions  of  VEDs  throughout  its  height.  The  damping  ratio  that  was  calculated  using  Equation  2.18 
was  consistently  higher  than  that  calculated  using  Equation  2. 17,  but  the  absolute  differences  in  the  two 
damping  ratios  was  always  less  than  1%.  The  absolute  differences  between  the  calculated  first  mode 
damping  ratios  using  either  Equation  2.17  or  2.18  and  the  measured  first  mode  damping  ratios  were 
consistently  less  than  1%  in  the  study.  In  the  study,  vertical  distributions  of  VEDs  in  the  structure  that 
more  closely  resembled  the  vertical  distribution  of  story  stiffnesses  in  the  undamped  structure  resulted  in 
smaller  differences  in  first  mode  damping  ratios  calculated  using  Equations  2.17  and  2.18  than  did  vertical 
distributions  of  VEDs  that  significantly  differed  from  the  vertical  distribution  of  story  stiffnesses  in  the 
undamped  structure.  Reference  42  confirms  this  observation  independently.  In  low  to  mid-rise  structures 
with  uniform  vertical  distributions  of  VEDs,  the  approximation  of  Equation  2.18  should  not  result  in  large 
errors  in  the  calculated  first  mode  damping  ratios. 

The  above  discussion  is  predicated  upon  the  structure’s  being  undamped  prior  to  the  addition  of 
VEDs.  In  some  cases,  the  inherent  energy  dissipation  in  a  structure,  particularly  so  long  as  it  is  responding 
elastically,  is  low  enough  to  accommodate  this  assumption.  However,  the  effects  of  inherent  damping, 
which  can  be  very  complicated,  may  be  approximated  if  the  damping  can  be  assumed  to  be  distributed 
evenly  throughout  the  structure.  In  this  case.  Equation  2.15  may  be  modified  as  follows  [9]: 


K  =  Ko+KJR+i[2ZoKo+r\vKdR) 


(2.19) 


In  Equation  2.19,  represents  the  inherent  damping  ratio  in  the  structure.  Inserting  the  imaginary 
coefficients  into  Equation  2. 14  results  in: 
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(2.20) 


l  <4J 

Equation  2.20  is  a  more  generalized  form  of  Equations  2.17  and  2.18.  If  £0,  =  0,  then  Equation  2.20 
reduces  to  Equations  2.17  and  2.18.  One  further  simplification  that  is  often  made  is  to  assume  that  all 
natural  modes  higher  than  the  first  mode  contribute  only  negligibly  to  the  structural  response,  so  they  are 
ignored  in  designing  the  VED  system. 

Equation  2.20  forms  the  basis  of  using  the  MSEM  to  design  a  VED  system  for  a  structure.  The 
pre-VED-equipped  structure  is  analyzed  for  response  maxima  and  yielding  mechanisms.  If  a  reduced 
response  is  desired,  an  appropriate  modal  damping  ratio  is  selected,  usually  based  on  the  examination  of 
response  spectra.  VED  locations  are  selected  and  VEDs  are  sized.  The  individual  VED  storage  stiffness 
(kd)  and  loss  factor  (t|v)  are  the  primary  parameters  used  in  sizing  the  VEDs: 
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In  Equations  2.21  and  2.22,  G  \  G”,  riv  and  are  material  properties  that  are  fully  explained  in  Appendix  D. 
The  term  cd  represents  the  equivalent  viscous  damping  coefficient  of  the  individual  VED.  The  terms  A  and 
t  represent  the  area  of  viscoelastic  material  that  is  placed  in  shear  and  viscoelastic  layer  thickness, 
respectively.  The  terms  to  and  / represent  the  circular  and  cyclic  frequencies  of  the  VED  excitation, 
respectively. 

The  total  added  stiffness  or  damping  at  a  given  story  level  will  be  the  sum  of  the  horizontal 
components  for  all  VEDs  in  the  story,  using  Equations  2.21  and  2.22.  The  design  process  can  be  a  trial 
and  error  procedure,  but  different  authors  have  proposed  various  techniques  to  organize  the  procedure. 
Reference  1  presents  a  number  of  these  approaches.  Two  of  the  primary  techniques  are  summarized  here. 

The  required  added  stiffness  at  a  given  story  level  may  be  designed  in  proportion  to  the  stiffness  of 
the  original  structure,  in  which  case  the  MSEM  may  be  applied  at  the  story  level.  Modifying  Equation 
2.20  for  this  purpose  yields  [43]: 
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In  Equation  2.23,  kdj  is  the  required  added  stiffness  at  the /th  story  level  that  will  be  contributed  by  VEDs; 
it  is  the  sum  of  the  horizontal  components  of  the  storage  stiffnesses  of  all  VEDs  in  the  story.  The  term  k0J 
is  the  original  story  stiffness  for  the  /th  story,  before  adding  VEDs.  The  damping  terms,  and  £oI, 
represent  the  desired  new  total  (with  VEDs)  viscous  damping  ratio  and  the  original  viscous  damping  ratio 
for  the  first  mode,  respectively,  assuming  a  response  dominated  by  the  first  mode.  Using  Equation  2.21 
and  incorporating  the  appropriate  geometric  considerations  to  account  for  the  horizontal  component  of  the 
VED  stiffness,  the  engineer  can  then  design  the  VEDs. 

Following  VED  design,  the  new  modal  damping  ratio  can  be  estimated  using  Equation  2.20,  and  a 
new  dynamic  analysis  of  the  structure  can  be  performed,  or  the  stiffness  and  damping  contributions  of  the 
individual  VED  can  be  modeled  discretely  using  Equations  2.21  and  2.22. 

Alternatively,  the  VED  can  be  designed  by  developing  a  “damper  design  curve”  that  plots  the 
“normalized  loss  factor”  as  a  function  of  the  VED  storage  stiffness  and  then  using  the  curve  and  Equation 
2.21  to  design  the  VEDs.  The  “normalized  loss  factor’ 

[9]: 

2(5,-5„,)  ,  (.Wi  , 

(’1,-25.,) 

With  known  damping  and  stiffness  properties  for  the  original  structure,  a  known  first  mode  shape,  a  desired 
modal  damping  ratio,  and  a  known  VED  loss  factor  (qv).  Equation  2.24  permits  solving  for  the  required 
VED  storage  stiffness.  By  changing  the  desired  total  viscous  damping  ratio  and  solving  repeatedly  for  the 
required  VED  storage  stiffness,  the  “design  curve”  may  be  constructed;  it  plots  the  normalized  loss  factor 
as  a  function  of  VED  storage  stiffness.  In  addition.  Equation  2.24  may  be  used  to  determine  the  new  (with 
VEDs  added)  first  mode  frequency  of  the  structure  as  a  function  of  normalized  loss  factor,  which  allows 
the  new  first  mode  to  be  plotted  as  a  function  of  VED  storage  stiffness.  Figure  2.28  exemplifies  this 
technique  using  the  original  3M  design  curve  for  this  project  (described  in  the  following  paragraphs).  In 
this  plot,  the  normalized  structural  loss  factor  represents  the  left  side  of  Equation  2.24,  while  the  damper 
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storage  stiffness  represents  Equation  2.21.  Equation  2.21  is  used  to  derive  the  far  right  side  of  Equation 
2.24. 

In  Equations  2.21  -  2.24,  two  basic  properties  of  the  viscoelastic  material  are  required,  the  loss 
factor,  T|„  and  the  storage  modulus,  G  These  are  temperature,  frequency,  and  peak  shear  strain- 
dependent.  Both  the  natural  frequency  and  the  peak  strain  may  be  determined  from  the  equations  that  have 
been  presented  here.  This  determination  will  be  an  iterative  process  that  involves  sizing  and  locating 
candidate  VEDs,  and  analyzing  the  structure.  The  engineer  must  determine  if  the  natural  frequency  of  the 
modified  structure  matches  that  which  was  assumed  for  the  material  properties.  Likewise,  the  engineer 
must  check  the  actual  VED  shear  strains  against  the  initial  assumption.  Because  of  the  variability  of  the 
viscoelastic  material  properties  with  strain  amplitude,  a  number  of  suggestions  have  been  made  in  the 
literature  concerning  the  target  shear  strain  amplitude.  The  authors  of  Reference  9  recommend  using  the 
material  properties  at  a  strain  amplitude  of  20%;  they  further  recommend  that  the  maximum  strain 
amplitude  not  be  allowed  to  exceed  60%.  On  the  other  hand,  the  authors  of  Reference  1  recommend 
designing  the  VED  for  shear  strain  amplitudes  of  100%  -  150%.  These  variables  will  be  studied  later  in 
this  report.  The  temperature  of  the  viscoelastic  material  also  has  a  significant  effect  on  the  material 
properties.  The  authors  of  Reference  1  recommend  a  target  temperature  of  the  ambient,  plus  10°  F,  which 
allows  for  temperature  increase  due  to  structural  motion. 

In  the  design  of  a  VED  system  for  an  actual  building,  other  design  criteria  (E.G.  maximum 
allowable  story  drift)  may  also  be  included. 

In  the  design  of  the  VED  system  for  use  in  this  research.  Dr.  M-L  Lai  of  3M  and  the  author 
developed  a  structural  model  based  on  the  assumed  dimensions  and  properties  of  the  model,  which  was  still 
under  construction  at  the  time  of  the  VED  design.  The  columns  were  assumed  to  be  uncracked,  and  gross 
cross-sectional  dimensions  of  5"  x  5"  for  the  interior  columns  and  4-14"  x  8-14"  for  the  exterior  columns 
were  used.  The  effective  slab  width  to  develop  a  “beam”  model  was  assumed  to  be  14.3  inches  (17.8%  of 
the  centerline  distance  between  columns);  full  slab  depth  (2-3/s")  was  assumed  to  be  effective.  The  concrete 
modulus  of  elasticity  was  assumed  to  be  3,420  ksi  (Fc  =  3,600  psi).  The  floor  weights  were  assumed  to  be 
18,343  lb  on  each  of  the  first  and  second  floors,  and  17, 142  lb  for  the  third  floor.  The  column  bases  were 
assumed  to  be  fixed. 

Dr.  M-L  Lai  used  the  MSEM  and  Equation  2.24  to  design  the  VEDs,  based  on  the  chevron  pattern 
that  was  adopted  by  the  author.  Dr.  Lai  assumed  that  the  baseline  structure  was  undamped.  He  targeted 
an  ambient  temperature  of  24°  C  (75°  F),  and  did  not  assume  any  damper  temperature  increase  during  the 
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simulations.  VED  thickness  was  adjusted  to  ensure  that  shear  strain  was  ^  75%.  Damper  properties  were 
based  on  20%  shear  strain.  The  targeted  damping  ratio  was  20%.  The  axial  stiffness  of  the  VED  brace 
was  assumed  to  be  10  times  the  VED  storage  stiffness;  the  significance  of  this  assumption  is  discussed  in 
Section  2.4.  The  required  VED  storage  stiffness,  kd,  was  11.86  kips/inch,  based  on  G’  =  356  psi  and  tjv  = 
1.  This  VED  design  resulted  in  a  requirement  for  VED  pads  with  16.64  sq  in  of  area  in  each  of  two  1" 
thick  layers.  With  the  uncracked  section  properties,  the  first  mode  frequency  of  the  analytical  model  of  the 
damped  structure  was  2.84  Hz.  3M  engineers  actually  supplied  VED  with  3"  x  6"  pads,  for  a  total  pad 
area  of  36  sq  in  for  the  two  pads.  These  initial  design  parameters  will  be  analyzed  in  Chapter  6. 

2.4  VED  Brace  Design 

Figure  2.29  details  the  brace  elements  used  to  link  the  VEDs  to  the  structure.  Figures  2.30  and 
2.3 1  show  the  connections  of  the  braces  to  the  “collars”  that  were  used  to  attach  the  braces  to  the  columns. 
The  original  design,  as  illustrated  by  those  figures,  used  a  single  %"  diameter  B7  (A490)  bolt  as  a  “pinned” 
connection,  at  either  end  of  each  brace.  After  initial  low-level  seismic  simulations  were  conducted,  each 
brace  was  fixed  to  the  adjoining  gusset  plate  with  a  small  spot-weld  at  each  end,  as  shown  in  Figure  A.21. 
The  author’s  original  intent  was  to  permit  the  member  to  act  simply  as  a  “truss”  element,  with  axial 
loading,  without  flexure.  The  initial  low-level  seismic  simulations  showed  that  the  stiffness  of  the 
viscoelastic  material  in  the  VEDs  was  low  enough  to  permit  damper  rotation  under  brace  compression,  so 
that  the  VEDs  were  largely  ineffective  when  their  linked  braces  were  in  compression.  In  addition,  the 
viscoelastic  material  actually  deformed  under  self-weight  over  time,  permitting  the  braces  to  sag  downward 
slightly.  Each  brace-to-gusset  plate  connection  was  therefore  lightly  welded.  Since  the  VED-brace 
assemblies  still  had  low  flexural  stiffness,  all  analyses  were  still  performed  using  the  assumption  that  the 
braces  transmitted  axial  force  only.  An  “insert”  fabricated  of  the  same  double-angle  section  and  the  same 
length  as  the  VED  was  also  available  for  each  brace.  The  inserts  were  used  in  conjunction  with  the  braces 
to  provide  stiffness  and  stability  during  the  operations  to  place  the  model  on  the  shaking  table,  and,  later,  to 
remove  it.  Also,  low-level  white  noise  tests  on  the  model  were  run  with  the  inserts  in  place,  to  contrast  the 
stiffness  and  damping  characteristics  of  solid  braces  with  the  VED-brace  assemblies. 

In  designing  the  braces,  the  author’s  intent  was  to  remove  the  VED-brace  interaction  from 
consideration  as  a  significant  variable  in  the  overall  system  performance.  Much  of  the  analytical  research 
that  has  been  performed  on  VED-brace  systems  has  assumed  that  the  stiffness  of  the  VED-brace  assembly 
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is  identical  to  the  stiffness  of  the  VED  alone.  If  the  brace  is  not  significantly  stiffer  than  the  VED,  this 
assumption  may  not  be  valid. 

The  initial  analysis  for  VED-brace  interaction  was  based  on  a  simplified  approach.  Recall  the 
equation  for  the  effective  stiffness  of  two  springs  that  are  connected  in  series: 


kbd  ~ 
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In  Equation  2.25,  kb  is  the  brace  axial  stiffness  ( AE/L )  ,  kd  is  the  damper  storage  stiffness  (G  ’A/t),  and  khd  is 
the  effective  stiffiiess  of  the  two-spring  system  (see  Appendix  D  for  complete  definitions  of  VED 
properties).  The  effective  stiffiiess,  kbd,  will  be  less  than  kd  .  More  significantly,  if  kb  is  not  significantly 
greater  than  kd,  assuming  that  all  of  the  VED-brace  deformation  occurs  in  the  VED  will  significantly 
overestimate  VED  deformation  and  consequently  overestimate  the  VED  energy  dissipation,  or  “damping” 
capacity  [1], 

Equation  2.25  was  used  for  the  initial  analysis  of  the  VED-brace  assembly.  A  double  L  3-14"  x  2- 
14"  x  %6  steel  section  was  selected  for  the  brace  assembly.  With  a  length  of  57-14"  (total  pin-to-pin  length. 


less  the  VED  length),  kb  =  1800  kips/inch  (k/in).  With  an  initially  assumed  kjof  12  k/in,  kM  *  11.92  k/in, 
which  is  99.3%  of  the  initial  assumption. 

It  is  also  possible  to  perform  a  more  rigorous  analysis  to  compare  the  VED-brace  assembly 
damping  ratio  and  stiffiiess  to  those  of  the  VED  alone,  using  the  following  relationships  adapted  from 
Reference  29.  These  equations  also  assume  that  the  VED  and  brace  are  connected  in  series,  but  they 
include  the  effects  of  the  complex  stiffiiess  modulus,  G*  which  is  described  in  Appendix  D: 
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The  damping  coefficient,  and  the  loss  factor,  for  the  VED  are  described  in  Appendix  D.  If  r|v  is 
assumed  to  be  1.15,  which  is  in  the  range  of  the  VED  test  data  reported  in  Appendix  D,  then  £  =  56.6%  of 
critical  damping.  If  the  VED-brace  interaction  were  ignored,  then  £  =  57.5%,  using  Equation  D.9.  The 
damping  coefficient  computed  with  consideration  for  the  VED-brace  interaction  is  98.4%  of  that  computed 
by  ignoring  the  interaction.  These  calculations  assume  zero  damping  in  the  brace  assembly. 

An  adaptation  from  Reference  29  also  provides  a  more  precise  calculation  for  the  VED-brace 
stiffness  that  accounts  for  the  complex  stiffness  modulus  of  the  viscoelastic  material: 
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Using  Equation  2.28  to  calculate  kbd  yields  a  value  of  12.03  k/in. 

Both  the  stiffness  and  damping  properties  of  the  VED-brace  assembly  are  within  2%  of  the 
corresponding  properties  for  the  VED  alone.  These  values  are  within  the  level  of  accuracy  that  can  be 
expected  for  engineering  analysis,  so  the  basic  VED  properties  without  modification  for  VED-brace 
interaction  were  used  to  characterize  the  VED-brace  assemblies. 

In  addition  to  characterizing  the  behavior  of  the  VED-brace  assembly  for  use  in  structural 
modeling,  brief  checks  were  made  on  the  tensile  and  compressive  strengths  of  the  various  elements  of  the 
assembly.  Allowable  shear  stresses  on  the  bolts  at  the  VED-brace  connection  and  at  the  “pinned” 
connection  were  checked,  as  were  the  bearing  stresses  on  both  the  bolts  (A490)  and  the  connection  steel 
(specified  as  A3  6).  The  limiting  allowable  load  was  that  based  on  the  bearing  stress  in  the  gusset  plate  at 
the  pinned  connection,  which  was  approximately  12  kips,  for  an  assumed  yield  stress  of  36  ksi.  If  the 
strength  of  the  small  tack  weld  that  was  added  there  were  also  included,  this  load  would  increase.  For  the 
entire  VED-brace  assembly,  the  seismic  simulations  showed  that  the  behavior  of  the  assembly  in 
compression  was  problematic.  The  rotational  stiffness  of  the  VEDs  is  not  defined,  so  it  was  not  possible  to 
predict  accurately  a  buckling  load  for  the  assembly.  The  buckling  load  for  a  solid  length  of  steel  brace  was 
much  higher  and  did  not  offer  a  practical  means  of  comparison.  The  compression  behavior  for  the  VED- 
brace  assemblies  thus  was  a  major  object  of  test  observation.  The  tensile  capacities  of  the  braces  were 
limited  by  the  shear  strain  behavior  of  the  VEDs  and  were  assumed  to  be  approximately  12  kips,  based  on 
the  limiting  shear  strain  of  75%  that  was  used  in  the  design,  which  exceeded  the  predicted  peak  shear  strain 
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of  62.5%. 


The  exact  dimensions  of  each  column  and  each  bay  were  used  to  fabricate  both  the  braces  and  the 
column  “collars.”  The  dimensions  shown  in  Figures  2.29  -  2.3 1  are  the  nominal  dimensions  for  typical 
members. 

The  collars  at  the  brace-column  connections  were  used  to  attach  the  braces  to  the  columns,  provide 
concrete  confinement  in  the  column  reinforcement  lap  splice  regions,  and  transmit  VED  brace  forces  into 
and  across  the  columns.  To  ensure  that  concrete  confinement  was  provided,  the  side  plates  in  each  column 
collar  assembly  were  fabricated  approximately  1/16"  shorter  than  the  measured  thickness  of  the  column. 
This  accommodated  a  tight  collar  fit  when  the  two  14"  diameter  A490  bolts  that  connected  the  “clip  angle” 
on  each  side  plate  to  the  respective  L  7  x  4  x  %  or  %"  backing  plate  were  tightened.  In  addition,  a  non¬ 
shrink  grout  was  applied  between  the  collar  elements  and  the  column  at  each  connection,  prior  to  tightening 
the  collar  bolts. 

The  collar  assembly  design  was  not  completely  balanced.  The  two  14"  diameter  bolts  at  each  “clip 
angle”  had  a  combined  tensile  capacity  in  excess  of  20  kips,  compared  to  the  approximately  6  kips  that 
would  be  carried  by  them  due  to  their  50%  of  the  total  load  that  would  be  carried  by  the  VED-brace 
assembly.  In  addition,  if  the  outstanding  “clip  angle”  leg  is  viewed  as  a  cantilever  with  a  concentrated  load 
applied  at  the  center  of  the  bolt  hole,  then,  with  a  specified  yield  stress  of  36  ksi,  the  yield  force  for  the 
angle  leg  is  about  6.75  kips.  No  “allowable  stress”  or  “safety”  factor  was  applied  here,  because  the  peak 
VED-brace  load  was  established  at  approximately  12  kips.  Since  it  is  likely  that  the  structural  steel  had  an 
actual  yield  stress  higher  than  36  ksi,  the  yield  load  for  the  “clip  angle”  is  probably  higher  than  the  assumed 
6.75  kips.  In  any  case,  when  such  a  collar  assembly  is  “scaled  up”  to  full-scale  and  applied  in  the  field, 
economy  would  dictate  the  use  of  a  more  balanced  design.  In  full-scale,  the  selection  of  structural  sections 
and  associated  hardware  will  facilitate  this. 

As  mentioned  in  the  description  of  the  model  in  Appendix  A,  at  each  collar  location,  a  Vi"  diameter 
A490  steel  “all-thread”  rod  was  cast  into  the  model  column.  The  side  plates  for  each  collar  fit  over  this 
bolt,  to  prevent  the  assembly  from  slipping  up  (or  down)  along  the  column.  Because  the  columns  were  only 
4-'A"  or  5"  thick,  cast-in-place  was  chosen  over  drilling  after  casting.  With  two  planes  in  shear  at  each 
column,  the  all-thread  rods  provided  resistance  against  collar  movement  of  over  11  kips,  exceeding  the 
vertical  components  of  any  anticipated  VED-brace  forces. 
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CHAPTER  3 

EXPERIMENTAL  PROGRAM 


This  chapter  provides  an  overview  of  the  viscoelastic  damper  (VED)  testing,  test  structure 
fabrication,  experimental  setup  and  instrumentation,  earthquake  simulations,  dynamic  characterization 
procedures  used  with  the  simulations,  and  data  recorded.  Additional  details  may  be  found  in  Appendices  A 
-  D.  Section  3.1  briefly  describes  the  sinusoidal  tests  that  were  conducted  on  the  VEDs,  to  determine  their 
fundamental  properties;  more  detailed  information  on  the  testing  is  provided  in  Appendix  D.  Section  3.2 
briefly  describes  the  construction  of  the  scaled  test  structure;  more  detailed  information  is  provided  in 
Appendix  A.  This  section  amplifies  the  information  found  in  Chapter  2  concerning  the  design  of  the  model 
and  provides  a  further  means  of  comparison  between  the  model  and  the  prototype.  In  Section  3.3,  the 
pretest  setup  procedure  is  outlined.  The  setup  included  the  installation  of  all  transducers  and  the 
supplemental  lead  weights.  More  comprehensive  information  is  provided  in  Appendices  A  and  B.  Section 
3.4  outlines  the  test  procedures,  keying  on  the  earthquake  simulations  and  the  pretest  and  post-test  dynamic 
characterizations  that  were  conducted  on  the  model.  Basic  characteristics  of  the  two  earthquake  waveforms 
that  were  used  in  the  simulations  are  presented  and  discussed. 

3.1  Viscoelastic  Damper  Testing 

The  energy  dissipation  devices  used  in  this  research  contain  viscoelastic  polymeric  materials.  They 
have  properties  of  both  viscous  liquids  and  elastic  solids  when  they  undergo  shear  deformations  [1],  A 
viscoelastic  material  that  is  placed  in  a  sinusoidal  shear  loading  exhibits  hysteretic  behavior  that  is 
described  in  detail  in  Appendix  D.  This  behavior  may  be  characterized  in  terms  of  stiffness  and  energy 
dissipation  properties  that  depend  on  temperature,  excitation  frequency,  and  shear  strain  magnitude.  The 
energy  dissipation  mechanism  results  in  heating  the  polymer. 

Considerable  testing  of  various  viscoelastic  materials  has  been  conducted  and  reported.  The  3M 
ISD  110  polymer  used  for  the  VEDs  in  this  project  has  been  tested  extensively,  and  a  substantial  data  base 
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on  its  behavior  exists.  Two  VEDs  of  each  size  used  in  the  earthquake  simulations  were  tested  in  Newmark 
Civil  Engineering  Laboratory  to  validate  the  applicability  of  the  data  base  to  these  VEDs.  The  testing 
consisted  of  deforming  the  VEDs  sinusoidally  at  several  different  combinations  of  excitation  frequency  and 
peak  displacement  in  a  standard  load  frame.  The  validation  testing  was  conducted  at  approximately  the 
same  ambient  temperature  that  was  expected  for  the  seismic  simulations. 

Excitation  frequencies  of  1,  2,  and  3  Hz  were  used  in  the  tests  to  bracket  the  structural  response 
frequencies  that  were  expected  in  the  earthquake  simulations.  Peak  displacements  corresponding  to  25%, 
50%,  and  62.5%  shear  strains  were  attained.  A  waiting  period  of  approximately  30  minutes  followed  each 
test,  to  permit  the  polymer  to  cool  before  retesting. 

Figures  D.3  -  D.  16  plot  the  results  of  these  tests.  Tables  D.  1  -  D.4  summarize  the  test  results  and 
present  calculated  values  for  the  material  properties  for  each  cycle,  as  well  as  for  the  average  of  four 
cycles.  Table  D.5  compares  test  data  averages  with  published  3M  data  [1]  that  were  interpolated  to  match 
the  conditions  under  which  the  test  data  were  recorded. 

3.2  Test  Structure  Fabrication 


The  test  model  was  fabricated  in  accordance  with  the  requirements  outlined  in  Chapter  2.  The 
model  was  constructed  at  approximately  one-third  scale.  Figures.  2.7  -  2.10  provide  overall  views  of  the 
structure.  Its  nominal  dimensions  are  shown  in  Figures.  2.11  -2.14.  Details  of  the  fabrication  process  may 
be  found  in  Appendix  A. 

Most  of  the  steel  reinforcement  used  in  the  model  was  deformed  steel  wire,  which  is  used  in 
fabricating  welded  wire  fabric.  The  wire  is  cold-drawn  from  hot-rolled  low  carbon  steel  rod.  It  exhibits 
higher  yield  strengths  than  the  nominal  40  ksi  of  the  prototype  reinforcement.  Prior  to  its  placement  in  the 
model,  the  wire  used  in  the  slab,  column,  and  spandrel  reinforcement  was  annealed  to  lower  its  tensile  yield 
stress  characteristics  to  approximate  that  of  the  steel  reinforcement  in  the  prototype.  Appendix  A  details 
the  annealing  procedures  that  were  used.  Following  the  annealing,  all  reinforcement  was  cut  to  length. 
Locally-fabricated  jigs  were  used  to  bend  the  wire. 

Model  fabrication  was  begun  by  constructing  a  reinforced  concrete  base  girder.  The  base  girder 
was  constructed  on  the  floor  of  the  test  facility,  directly  adjacent  to  the  shaking  table.  Figures  A.4  -  A.6 
present  key  base  girder  dimensions.  Figure  A.7  shows  casting  of  the  base  girder.  The  model  was 
constructed  atop  the  base  girder,  and  the  model  was  lifted  on  and  off  the  shaking  table  using  the  base  girder 
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for  support.  The  base  girder  served  as  the  “foundation”  for  the  test  model  during  the  earthquake 
simulations.  The  girder  was  rigidly  bolted  to  the  shaking  table  during  the  earthquake  simulations. 

Reinforcement  for  the  first  story  column  bases  was  stubbed  up  from  the  base  girder.  This 
reinforcement  may  be  seen  in  Figure  A.7;  its  design  is  discussed  in  Chapter  2.  Because  the  base  girder  was 
a  monolithic  unit  and  the  columns  were  cast  directly  on  top  of  it,  the  foundation  behavior  of  the  test 
structure  differs  from  the  independent  behavior  of  the  individual  column  spread  footings  found  in  the 
prototype.  Concrete  for  the  base  girder  and  other  structural  elements  was  provided  by  a  commercial 
supplier.  The  target  28  day  compressive  strength  for  the  mix  was  3,600  psi  (Chapter  2).  Compression 
cylinder  strength  tests  showed  an  average  unconfined  compression  strength  of  4,990  psi  at  28  days  after 
casting. 

Above  the  base  girder,  the  structure  was  comprised  of  cast-in-place  columns,  flat  slabs,  and 
spandrel  beams.  Each  of  the  three  story  levels  was  formed  and  cast  as  a  monolithic  unit  of  flat  slab, 
spandrels,  and  supporting  columns.  For  each  floor  level,  starting  with  the  first  story  columns,  slab,  and 
spandrels,  a  floor  was  formed;  formwork  was  oiled;  reinforcement  was  placed  (Figures  A.8  -  A.  1 1);  and 
concrete  was  cast  and  finished.  Longitudinal  (north-south)  reinforcement  was  placed  closest  to  the  slab 
surfaces  in  both  the  top  and  bottom  reinforcement  layers.  Reinforcement  details  are  provided  in  Figures 
2.15-2.25. 

Prior  to  slab  concrete  placement,  capped  brass  tube  lengths  were  placed  at  the  intended  locations 
for  the  bolts  that  would  be  used  to  secure  lead  weights  on  the  test  structure.  One-half  inch  diameter  steel 
all-thread  bolts  were  extended  through  the  columns,  to  secure  the  damper  collars  that  would  be  attached 
externally  on  the  columns. 

Concrete  was  purchased  from  a  commercial  supplier  and  placed  and  finished  by  in-house 
personnel.  Formwork  for  each  floor  was  removed  seven  days  sifter  casting.  A  light  shoring  system  was 
installed  under  each  floor  before  work  proceeded  on  the  floor  above.  Once  the  shoring  was  in  place,  the 
formwork  was  re-erected  for  the  next  higher  story,  and  the  process  was  repeated.  Following  completion  of 
all  casting  and  removal  of  all  formwork,  each  floor  was  shored  as  described  above.  The  entire  structure 
was  painted  with  a  thinned  white  latex  paint,  to  facilitate  observing  crack  formation  and  propagation. 

The  concrete  mix  design  was  specified  as  a  3,600  psi  “pea  gravel”  mix,  with  superplasticizer  added 
to  enhance  workability.  Time-of-test  compression  strengths  averaged  approximately  5,900  psi  for  the  three 
stories.  Detailed  material  test  data  are  provided  in  Appendix  A. 

The  VED  bracing  system  was  designed  for  simplicity  and  symmetry.  Since  the  model  was  two 
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column  lines  wide,  bracing  was  used  in  both  column  lines,  minimizing  torsion.  And,  since  the  model  was 
two  bays  deep  in  the  direction  of  shaking,  structural  symmetry  favored  adding  bracing  in  both  bays.  Load 
paths  and  deformation  patterns  were  uniform.  A  chevron  pattern  was  adopted,  in  which  opposing  braces 
would  be  subjected  to  approximately  equal  but  opposite  loadings.  This  configuration  ensured  that  any 
differences  in  structural  response  between  brace  compression  and  brace  tension  would  be  averaged  out  by 
the  opposing  members.  The  configuration  may  be  seen  in  Figures  2.9  and  2.14.  The  brace  elements  were 
fabricated  as  double-angle  sections,  with  the  angles  placed  back  to  back  (Figure  A.  14).  The  braces  were 
fabricated  such  that  the  VEDs  could  be  inserted  in  the  brace  line  and  bolted  in  place  using  four  bolts  at 
each  end  of  each  VED.  The  brace  cross-section  (Figure  A.  14)  was  selected  to  provide  an  axial  stiffness 
that  was  significantly  larger  than  the  shear  stiffness  of  the  VED.  As  detailed  in  Chapter  2,  the  bracing  and 
the  VED  must  be  viewed  as  a  system  of  structural  elements  in  series  when  designing  the  VED,  and  the 
relative  shear  stiffness  of  the  VED  with  respect  to  the  brace  axial  stiffness  must  be  considered. 

To  attach  the  braces  to  the  columns,  close-fitting  A36  steel  “collars”  were  fabricated  to  clamp 
tightly  around  the  columns.  See  Figures.  A.15  -  A.20.  Details  of  the  collar  design  are  given  in  Chapter  2 
and  in  Appendix  A. 

The  original  design  for  the  collars  and  braces  included  a  single  3A"  diameter  bolt  acting  as  a  pin  to 
connect  each  collar  and  brace  (Figures  A.15  and  A.  16).  During  the  initial  low-level  seismic  simulations,  it 
was  seen  that  the  VED  rotational  stiffnesses  were  so  low  that  the  braces  would  bend  substantially  off  the 
brace  centerline  under  compressive  loading,  necessitating  adding  small  tack  welds  between  the  brace  ends 
and  the  collars,  to  prevent  brace  rotation. 

Supplemental  anchorages  to  the  base  girder  were  provided  for  the  exterior  columns  to  increase  the 
shear  capacities  of  those  columns  (Figure  A.  17).  One-half  inch  diameter  A490  (B7)  all-thread  bolts  were 
secured  in  drilled  holes  using  a  commercial  epoxy  mix.  Similar  anchorage  was  provided  for  the  second 
story  exterior  columns.  This  anchorage  involved  drilling  into  the  spandrel  beam,  inserting  a  Vz  diameter 
all-thread  bolt,  and  epoxying  the  bolt  into  place  (Figures  A.18  and  A.19). 

3.3  Experimental  Setup 

Following  the  curing  period  for  the  third  story  concrete,  the  model  was  braced  using  the  VED 
braces,  with  steel  inserts  replacing  the  VEDs,  and  the  model  was  lifted  onto  the  USACERL  shaking  table. 
The  model  was  clamped  to  the  shaking  table  using  high  strength  bolts.  Sufficient  clamping  force  was 
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provided  to  develop  the  friction  required  to  prevent  slippage  during  seismic  simulations.  The  base  girder 
would  therefore  undergo  the  same  motions  that  the  shaking  table  experienced.  Displacement  transducers 
and  accelerometers  mounted  on  both  the  base  girder  and  the  shaking  table  were  used  to  verify  that  no 
slippage  occurred. 

Supplemental  lead  weights  were  added  to  the  floor  slabs  at  each  level  to  model  gravity  and  inertial 
loads  during  seismic  simulations.  The  lead  weights  and  the  weights  of  the  slabs  and  columns  in  the  model 
approximated  the  evenly  distributed  gravity  loads  of  the  prototype  structure.  Imposed  live  loads  and  other 
structural  loads  (e.g.  walls)  were  not  simulated.  The  total  structural  loading  in  the  first  and  second  floors 
of  the  prototype,  excluding  live  loads,  was  approximately  115  psf.  On  the  third  floor,  or  roof,  of  the 
prototype,  the  loading,  excluding  live  loads,  was  approximately  108  psf.  In  the  model,  the  average 
distributed  loading  from  the  lead  weights  and  the  concrete  structure  was  approximately  104  psf  on  the  first 
and  second  floors,  and  99  psf  on  the  third  floor.  The  weights  were  located  in  four  rows,  stacked  two  deep, 
paralleling  the  north-south  column  lines.  Within  those  lines,  the  weights  were  distributed  as  uniformly  as 
possible.  Their  layouts  may  be  seen  in  Figures  A.23  through  A.28.  The  two-deep  configuration  of  the 
weights  raised  the  effective  center  of  gravity  for  each  floor  slightly  above  the  point  that  would  result  from 
scaling  directly  from  the  prototype.  The  weights  were  secured  to  the  floor  slabs  by  means  of  a  system  that 
ensured  the  weights  did  not  move  on  the  slab  and  did  not  stiffen  or  strengthen  the  slab.  This  layout  is 
discussed  in  detail  in  Appendix  A. 

To  protect  those  who  worked  around  the  model,  a  structural  steel  “safety  frame”  was  erected  to 
catch  the  model  if  it  collapsed.  The  frame  may  be  seen  in  Figure  2.10.  It  was  fabricated  from  built-up  and 
single  structural  steel  members.  Beam  elements  of  the  frame  were  inserted  beneath  each  of  the  floor  slabs 
and  bolted  to  steel  towers  that  rested  on  the  shaking  table  reaction  mass.  The  safety  frame  did  not  touch 
the  model. 

Test  structure  instrumentation  was  installed  to  record  absolute  accelerations,  relative  floor 
displacements,  VED  brace  forces,  VED  deformations,  and  reinforcement  strains.  Details  of  the  data 
acquisition  system  and  test  instrumentation  are  provided  in  Appendix  B.  Table  B.  1  lists  all  data  acquisition 
channels.  Figures  B.2  -  B.  12  show  the  locations  of  all  transducers. 

3.4  Testing  Procedure 

Prior  to  conducting  any  earthquake  simulations,  a  series  of  initial  system  characterization  studies 
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was  conducted.  The  structure  was  characterized  in  several  different  states:  equipped  with  large  dampers  in 
each  of  the  six  braces,  equipped  with  small  dampers  in  the  braces,  equipped  with  steel  angle  inserts  in  the 
braces,  and  equipped  with  no  dampers  or  inserts  in  the  braces.  System  characterization  consisted  of 
measuring  responses  to  low-amplitude  white  noise,  responses  to  low  amplitude  sinusoidal  motion  input  at 
first  mode  frequency,  and  responses  following  the  release  of  a  statically  applied  lateral  load. 

The  primary  testing  for  the  model  structure  was  a  series  of  earthquake  simulations  of  gradually 
increasing  intensity.  All  earthquake  motions  were  in  a  single  horizontal  direction  (north-south);  no  vertical 
motions  and  no  horizontal  motions  in  the  direction  orthogonal  to  the  direction  of  primary  motion  (east-west) 
were  input.  Following  each  earthquake  simulation,  system  characterization  studies  and  visual  checks  for 
significant  structural  damage  were  conducted.  Following  several  of  the  simulations,  extensive  mapping  of 
structural  cracking  was  conducted. 

Base  accelerations  for  the  earthquake  simulations  were  modeled  after  the  SOOE  component  of  the 
El  Centro  site  accelerations  of  the  Imperial  Valley  earthquake  of  18  May  1940  (hereafter  called  “El 
Centro”)  and  the  S69E  component  of  the  Taft  site  accelerations  of  the  Kem  County  earthquake  of  21  July 
1952  (hereafter  called  ‘Taft”).  Time  scales  for  all  simulations  were  compressed  by  a  factor  of  /3 ,  in 
keeping  with  similitude  requirements.  The  shaking  table  was  operated  in  the  displacement  control  mode; 
the  acceleration  records  were  integrated  twice  to  generate  base  displacement  records.  With  each 
integration,  the  records  were  corrected  for  drift  from  a  zero  mean.  Base  motion  intensity  was  varied  by 
changing  the  amplitude  of  the  input  displacements. 

The  El  Centro  and  Taft  records  possess  somewhat  different  frequency  contents  and  thus  permit 
characterization  of  the  structure  under  different  loading  conditions. 

Figures  3.1  -  3.7  demonstrate  key  characteristics  of  the  compressed  El  Centro  record.  The  elastic 
acceleration  response  spectrum  is  broad-banded,  with  peak  responses  in  the  period  range  of  0.15  sec  -  0.5 
sec  (2  Hz  -  6  Hz).  The  elastic  displacement  response  spectrum  is  also  broad-banded,  with  a  relevant  peak 
response  in  the  period  range  of  0.5  sec  -  0.6  sec  (1.7  Hz  -  2  Hz).  Figure  3.2  shows  peak  Fourier  amplitude 
spectra  in  the  frequency  range  of  2  Hz  -  4  Hz.  While  Figure  3.2  shows  the  characteristics  of  the  El  Centro 
record  that  was  used  for  shaking  table  input.  Figures  3.3  -  3.7  show  the  characteristics  of  recorded  motions 
of  the  table  during  actual  earthquake  simulations  using  the  El  Centro  input  adjusted  to  various  intensities. 
The  records  shown  in  Figures  3.4  and  3.7  (E200DL,  E200N)  are  based  on  input  motions  that  were 
subjected  to  a  0.2  Hz  hi-pass  filter.  The  record  shown  in  Figure  3.5  (E250DL)  is  based  on  input  motions 
that  were  subjected  to  a  0.5  Hz  hi-pass  filter.  These  filters  were  required  to  remove  large  displacement. 
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low  frequency  motions  that  exceeded  the  peak  displacement  capabilities  of  the  shaking  table.  The  fidelity 
of  the  measured  motions  as  compared  to  the  input  record  is  high. 

Figures  3.8-3.11  demonstrate  key  characteristics  of  the  compressed  Taft  record.  The  elastic 
acceleration  response  spectrum  is  more  narrowly  banded  than  the  El  Centro  spectrum,  with  peak  responses 
in  the  period  range  of  O.lsec  -  0.3  sec  (3  Hz  -  10  Hz).  The  elastic  displacement  response  spectrum  is  also 
more  narrowly  banded  than  the  El  Centro  spectrum,  with  relevant  peak  responses  in  the  period  ranges  of 
0.5  sec  (2  Hz)  and  1.0  sec  (1  Hz).  Figure  3.9  shows  peak  Fourier  amplitude  spectra  in  the  frequency  range 
of  2  Hz  -  5  Hz.  While  Figure  3.9  shows  the  characteristics  of  the  Taft  record  that  was  used  for  shaking 
table  input.  Figures  3.10-3.11  show  the  characteristics  of  recorded  motions  of  the  table  during  actual 
earthquake  simulations  using  the  Taft  input  adjusted  to  various  intensities.  No  filtering  of  the  Taft  record 
was  required.  The  fidelity  of  the  measured  motions  as  compared  to  the  input  record  is  high. 

The  earthquake  simulation  sequence  for  testing  the  structure  with  VEDs  installed  involved  running 
a  given  El  Centro  input,  followed  by  running  a  Taft  input  that  had  approximately  the  same  ground  motion 
intensity.  To  equilibrate  the  El  Centro  and  Taft  inputs,  the  intensity  of  the  Taft  record  was  scaled  upward 
by  the  ratio  of  the  Housner  spectrum  intensities  [20]  of  the  two  compressed  records,  at  a  7%  viscous 
damping  ratio,  over  the  structural  period  range  of  0.058  sec  - 1.44  sec  (Figure  3.12).  The  structural  period 
range  is  compressed  from  that  recommended  by  Housner,  in  keeping  with  the  time  scale  compression  for 
the  records. 

Thirty-six  earthquake  simulations  of  generally  increasing  intensity  were  conducted.  They  are  listed 
in  Table  3.1.  In  this  table,  the  “span”  refers  to  the  scaling  of  the  intensity  of  the  compressed  input  record. 
Thus,  a  “100%  span”  for  the  El  Centro  record  is  the  actual  El  Centro  record,  with  time  compression,  while 
a  “200%  span”  for  the  El  Centro  record  indicates  the  acceleration  amplitudes  are  double  the  original 
record,  with  time  compression.  Simulations  E200DL  and  T420DL  reached  the  peak  attainable  shaking 
table  displacements  without  seriously  damaging  the  model.  Higher-intensity  simulations  would  have 
required  such  heavy  filtering  that  the  similarity  to  the  original  records  would  have  been  reduced.  Note  that 
simulation  E250DL  resulted  in  a  lower  peak  ground  acceleration  (PGA)  than  that  of  simulation  E200DL. 
Following  test  E250DL,  the  VEDs  were  removed,  and  El  Centro  simulations  were  conducted  again.  For 
these  simulations,  the  VED  brace  collars  were  left  on  the  model,  so  that  the  only  variables  that  were 
changed  were  the  structural  stiffness  and  damping  effects  of  the  added  VEDs. 

Following  each  simulation,  a  series  of  structural  characterization  tests  was  conducted.  Initially, 
each  series  included  a  “pullback”  test,  in  which  a  550  lb  weight  was  attached  via  a  cable  and  pulley  to  the 
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third  floor  and  the  model  was  displaced  laterally.  Sudden  release  of  the  weight  ostensibly  permitted  a  first 
mode  response  of  the  model.  While  this  worked  for  tests  in  which  no  VEDs  were  installed,  the  VEDs  so 
heavily  damped  the  motion  that  no  motion  oscillations  occurred  during  pullback  tests  that  included  VED 
effects.  This  procedure  was  therefore  abandoned.  System  characterization  then  consisted  of  measuring 
responses  to  band-limited  (0  -  50  Hz),  low-amplitude  (<  0.025g)  white  noise  that  was  input  with  the 
shaking  table,  and  responses  to  low  amplitude  (<  0.025g)  sinusoidal  motion  input  at  first  mode  frequency. 
Transfer  functions  of  the  Fourier  amplitude  spectra  of  the  base  and  floor  accelerations  in  the  white  noise 
tests  were  used  for  structural  response  frequency  (maximum  of  three  modes)  and  damping  characterization. 
For  the  sinusoidal  inputs,  the  first  mode  frequency  observed  in  the  white  noise  testing  served  as  a  starting 
point,  with  adjustments  made  in  the  input  frequency  to  match  the  apparent  resonant  frequency  for  the 
model.  Using  logarithmic  decrement  calculations,  the  sinusoidal  tests  could  also  be  used  to  determine  the 
first  mode  damping  ratio. 
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CHAPTER  4 

OBSERVED  RESPONSE  OF  THE  TEST  STRUCTURE 


This  chapter  summarizes  data  on  the  responses  of  the  test  structure  during  the  earthquake 
simulations  and  dynamic  characterization  tests  that  are  described  in  Chapter  3.  A  detailed  summary  of  the 
responses  in  earthquake  simulations  E010DL  -  E250DL,  and  E025N  -  E200N,  is  provided.  Summaries  of 
structural  accelerations,  displacements,  shears,  and  overturning  moments;  viscoelastic  damper  (VED) 
forces  and  displacements;  dynamic  characterizations;  reinforcement  strains;  and  physical  observations  are 
provided.  Chapter  5  presents  a  more  detailed  discussion  of  the  observed  responses. 

Simulations  T021DL  -  T420DL  will  be  summarized  more  briefly,  because  the  responses  observed 
in  those  simulations  were  found  to  resemble  closely  those  of  simulations  E010DL  -  E200DL,  for 
approximately  equal  input  motion  intensities.  Simulations  E010DS,  E025DM,  E025DS,  T021DS, 
T052DM,  and  T052DS  will  not  be  discussed.  Those  simulations  were  conducted  while  the  VED  braces 
were  still  pinned;  the  VEDs  were  not  fully  coupled  into  the  structure  and  tended  to  deflect  out  of  plane 
when  their  braces  were  in  compression. 

Complete  response  history  and  hysteresis  plots  for  the  recorded  and  derived  measurements  in  all 
simulations  are  provided  in  Appendix  C.  In  a  number  of  instances,  representative  response  history  or 
hysteresis  plots  from  Appendix  C  have  been  reprinted  in  this  chapter  to  provide  the  reader  with  easily 
accessed  illustrations.  In  those  instances,  the  responses  from  simulations  E050DL,  E150DL,  E050N,  and 
E150N  are  shown.  They  contrast  low  and  high  level  response  for  the  simulations  with  and  without  VEDs, 
respectively.  Since  the  El  Centro  and  Taft  responses  with  VEDs  installed  were  generally  quite  similar,  no 
Taft  response  histories  are  presented  in  this  chapter. 

The  sequence  of  earthquake  simulations  while  VEDs  were  installed  involved  an  El  Centro 
simulation  followed  by  a  Taft  simulation  of  approximately  the  same  input  motion  intensity.  For  example, 
simulations  E100DL  and  T210DL  were  run  sequentially.  This  process  was  repeated  over  the  range  of 
input  motion  intensities,  from  simulations  E010DL  and  T021DL  to  simulations  E200DL  and  T420DL. 
Table  3.1  lists  the  simulations  sequentially.  In  the  simulation  titles,  the  first  letter  (E  or  T)  designates  the 
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source  earthquake  record,  El  Centro  or  Taft.  The  three  numbers  represent  the  magnitude  of  the  simulation 
PGA,  referenced  as  a  percentage  of  the  source  record.  The  last  letter  {DL,  DM,  DS,  or  N)  indicates  the 
VED  configuration.  DL  represents  all  large  VEDs;  DM  represents  mixed  VEDs;  DS  represents  all  small 
VEDs;  and  N  represents  no  dampers. 

The  reported  maximum  responses  in  this  chapter  are  for  the  respective  complete  response  histories. 
For  all  simulations  with  VEDs  installed,  both  acceleration-related  and  displacement-related  maxima  in  the 
El  Centro  and  Taft  simulations  occurred  at  essentially  the  same  elapsed  times  in  each  record.  Confirmation 
of  this  may  be  seen  in  Tables  4.11  and  4.12,  which  will  be  discussed  later.  With  VEDs  removed,  the 
maxima  again  occurred  at  essentially  the  same  (within  0.01  sec)  elapsed  time  in  each  record,  through 
simulation  E100N.  In  simulations  E125N  and  E150N,  the  acceleration-based  maxima  occurred  at  a 
different  elapsed  time  (3.50  sec)  than  in  simulations  E025N  -  E100N  (1.84  sec).  Displacement-based 
maxima  occurred  within  0.02  sec  of  the  same  elapsed  time  in  all  simulations  with  VEDs  removed.  The 
absence  of  significant  changes  in  the  times  of  maxima  occurrence  until  later  simulations  with  VEDs 
removed  indicates  a  high  degree  of  linearity  in  the  overall  response  of  the  model. 

Several  of  the  summaries  provided  in  this  chapter  use  response  maxima  that  have  been  normalized 
using  the  peak  ground  acceleration  (PGA)  for  the  relevant  earthquake  simulation.  The  author  selected  this 
portrayal  as  a  means  of  examining  the  degree  of  nonlinearity  that  was  present  in  the  responses.  Ideally,  the 
responses  of  a  linear  structure  to  input  motions  would  vary  directly  with  their  magnitudes.  Variations  in 
response  that  differ  from  variations  in  input  motion  magnitude  are  indications  of  potential  nonlinearity  in 
the  system.  The  measured  PGA  is  an  imperfect  yardstick,  because  of  its  instantaneous  and  measured 
nature.  In  the  end,  one  should  not  overstate  the  accuracy  of  the  use  of  PGA  as  means  of  normalization,  but 
accept  it  as  an  indication  of  general  trends. 

The  reader  is  reminded  that  the  input  motion  was  hi-pass  filtered  in  simulation  E250DL,  resulting 
in  lower  PGA  and  correspondingly  lower  response  measurements  than  those  of  simulation  E200DL. 

Section  3.4  describes  the  filtering  process. 

4.1  Floor  Accelerations 


Floor  acceleration  histories  for  all  simulations  are  provided  in  Figures  C.1.1  -  C.1.17,  while 
maximum  floor  acceleration  profiles  for  all  simulations  are  provided  in  Figures  C.  1.18  -  C.1.24.  Figure 
4.1  shows  representative  acceleration  histories  for  simulations  E050DL  and  E150DL,  for  the  initial  ten 
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seconds  (sec)  of  each  record,  while  Figure  4.2  shows  the  same  for  simulations  E050N  and  E150N.  Figure 
4.3  presents  maximum  floor  acceleration  profiles  for  simulations  E025DL  -  E200DL  and  E025N  -  E200N. 
Figure  4.4  plots  maximum  recorded  floor  accelerations  vs.  peak  ground  acceleration  (PGA)  for  the  three 
series  of  earthquake  simulations;  both  maxima  and  maxima  normalized  by  PGA  are  presented.  Table  4. 1 
lists  the  maximum  recorded  and  normalized  (by  PGA)  floor  accelerations. 

In  Figure  4.1,  the  overlay  of  the  floor  acceleration  records  for  simulations  E050DL  and  E150DL 
shows  virtually  identical  responses  for  the  two  simulations,  with  respect  to  the  time  scale.  The  input  record 
overlay  also  shows  almost  identical  input  acceleration  characteristics  with  respect  to  the  time  scale.  The 
ratios  of  the  floor  accelerations  in  simulation  E150DL  to  those  in  E050DL  are  5%  - 15%  higher  than  the 
ratios  of  the  respective  PGAs,  with  the  difference  increasing  with  floor  height  above  the  base  girder.  The 
similarities  of  the  time  scales  in  the  records  implies  there  is  good  repeatability  in  the  inputs,  and  that  only 
limited  structural  degradation  occurred  at  the  lower  input  motion  intensities.  The  plots  also  show  that  the 
response  is  dominated  by  the  first  mode  of  the  structure.  Higher  frequency  base  accelerations  are 
progressively  filtered  out  by  the  system  with  increasing  floor  height  above  the  base  girder. 

In  Figure  4.2,  the  overlay  of  the  acceleration  records  for  simulations  E050N  and  E150N  shows 
very  similar  responses  for  the  two  simulations,  with  respect  to  the  time  scale,  until  approximately  4.5  sec 
elapsed  time,  when  the  E150N  record  shows  a  shift  to  a  response  that  has  a  slightly  longer  first  mode 
period  and  more  influence  from  the  second  mode.  Prior  to  that  shift,  the  ratios  of  the  floor  accelerations  in 
simulation  E150N  to  those  in  E050N  are  15%  -  20%  higher  than  the  ratios  of  the  respective  PGAs.  After 
the  shift,  the  relationship  of  the  two  different  records  is  more  erratic. 

In  Figure  4.3,  the  maximum  acceleration  profiles  for  the  simulations  with  VEDs  installed  (E025DL 
-  E200DL)  show  almost  linear  acceleration  amplification  from  floor  one  up  to  floor  three,  which  is 
consistent  with  first  mode  response.  In  simulation  E025DL,  the  third  floor  acceleration  is  116%  of  the  base 
acceleration.  By  simulation  E150DL,  the  third  floor  acceleration  is  157%  of  the  base  acceleration.  In 
general,  for  the  simulations  with  VEDs  installed,  amplification  from  the  base  to  the  first  floor  is  less  than 
3%.  Some  first  floor  acceleration  deamplification  occurs  in  simulation  E200DL.  The  maximum 
acceleration  profiles  for  simulations  with  VEDs  removed  (E025N  -  E200N)  do  not  reflect  amplification 
with  height  that  would  be  consistent  with  first  mode  response.  At  low  to  mid-range  input  motion  intensities 
(^  E100N),  slight  amplification  occurs  from  floor  one  to  floor  two,  while  deamplification  occurs  from  floor 
2  to  floor  3,  indicating  likely  occurrence  of  higher  mode  response.  This  trend  disappears  in  the  profiles  for 
simulations  E150N  and  E200N,  where  deamplification  occurs  with  height.  Deamplification  is  most 
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pronounced  in  simulation  E200N,  when  spandrel  failure  occurred. 

Several  trends  may  be  seen  in  the  simulations  that  included  VEDs.  Figure  4.4,  which  plots  the 
floor  acceleration  maxima,  provides  an  overview.  For  simulations  E010DL  -  E250DL,  the  following 
trends  are  noted.  The  maximum  normalized  (by  PGA)  first  floor  accelerations  at  the  lower  input  motion 
intensities  are  approximately  1 .0.  Maximum  normalized  second  floor  accelerations  at  the  lower  input 
motion  intensities  average  about  1.15.  Maximum  normalized  third  floor  accelerations  at  the  lower  input 
motion  intensities  average  about  1.25.  Maximum  normalized  accelerations  in  the  mid-range  of  input 
motion  intensities  (0.25  g  <  PGA  <  0.65  g)  remain  relatively  constant.  In  this  range,  maximum  normalized 
first  floor  accelerations  are  about  1.0;  maximum  normalized  second  floor  accelerations  are  about  1.2;  and 
maximum  normalized  third  floor  accelerations  are  about  1.5.  At  the  higher  input  motion  intensities  (PGA  > 
0.65  g),  maximum  normalized  floor  accelerations  reduce  somewhat  10%)  on  all  three  floors.  For  the 
lower  intensity  simulations  (PGA  <  0.25  g )  maximum  Taft  series  responses  on  all  floors  are  generally 
comparable  to  the  El  Centro  series  maxima  (both  are  erratic).  For  the  simulations  with  PGA  >  0.25  g,  Taft 
maxima  on  all  floors  are  consistently  lower  than  El  Centro  maxima.  Differences  increase  with  floor  height. 

Figure  4.4  also  characterizes  the  response  of  the  structure  in  simulations  E025N  -  E200N,  when 
VEDs  were  removed.  Increasing  from  a  low  input  motion  intensity  (PGA  =  0. 1 1  g)  to  a  moderate  input 
motion  intensity  (PGA  =  0.56  g),  the  maximum  normalized  first  floor  accelerations  increase  from 
approximately  1 .00  to  1.14.  The  maximum  normalized  second  floor  accelerations  increase  from 
approximately  1.05  for  the  low  input  motion  intensity  to  1.2  for  moderate  input  intensities,  PGA  =  0.41  g  - 
0.48  g.  At  higher  input  motion  intensities,  the  maximum  normalized  second  floor  accelerations  reduce  to 
1.07  (PGA  =  0.56  g).  The  third  floor  level  maximum  normalized  accelerations  parallel  those  of  the  second 
floor,  increasing  from  0.84  at  the  low  input  intensity,  PGA  =  0. 1 1  g,  to  1.05  at  a  moderate  input  intensity 
(PGA  =  0.48  g).  At  higher  intensities,  the  maximum  normalized  third  floor  accelerations  reduce  to  1.01 
(PGA  =  0.56  g).  In  simulation  E200N,  when  spandrel  failure  occurred,  the  maximum  normalized  first 
floor  acceleration  fells  to  approximately  0.88.  The  maximum  normalized  second  and  third  floor 
accelerations  reduce  to  0.81  and  0.69,  respectively. 

4.2  Relative  Story  Displacements 

The  relative  displacement  is  obtained  by  subtracting  the  measured  base  girder  displacement  from 
the  measured  floor  displacement.  Both  measurements  are  made  with  respect  to  a  fixed  reference  point. 
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Relative  floor  displacement  histories  for  all  simulations  are  provided  in  Figures  C.2. 1  -  C.2. 17,  while 
maximum  relative  story  displacement  profiles  for  all  simulations  are  provided  in  Figures  C.2.18  -  C.2.24. 
Figure  4.5  shows  representative  relative  displacement  histories  for  simulations  E050DL  and  E150DL,  for 
the  initial  10  sec  of  each  record,  while  Figure  4.6  shows  the  same  for  simulations  E050N  and  E150N. 
Figure  4.7  presents  maximum  relative  story  displacement  profiles  for  all  floors  for  simulations  E025DL  - 
E200DL  and  E025N  -  E200N.  Figure  4.8  plots  maximum  recorded  relative  displacement  vs.  PGA  for  all 
three  complete  series  of  earthquake  simulations;  both  maxima  and  maxima  normalized  by  PGA  are 
presented.  Table  4.2  lists  the  maximum  recorded  and  normalized  (by  PGA)  relative  displacements. 

In  Figure  4.5,  the  overlay  of  the  relative  displacement  records  for  simulations  E050DL  and 
E150DL  shows  virtually  identical  responses  for  the  two  simulations,  with  respect  to  the  time  scale.  At  the 
instants  of  maximum  relative  displacement,  the  ratios  of  the  displacements  in  simulation  E150DL  to  those 
in  E050DL  are  larger  than  the  ratios  of  the  respective  PGAs  (330%,  vs.  240%).  The  similarities  of  the 
time  scales  in  the  records  implies  that  only  limited  structural  degradation  occurred  at  the  lower  input 
motion  intensities.  These  plots  also  show  that  the  response  is  dominated  by  the  first  mode  of  the  structure. 

In  Figure  4.6,  the  overlay  of  the  relative  displacement  records  for  simulations  E050N  and  E150N 
shows  very  similar  responses  for  the  two  simulations,  with  respect  to  the  time  scale,  until  approximately 
4.5  sec  elapsed  time,  when  the  E150N  record  shows  a  shift  to  a  response  that  has  a  slightly  longer  period 
and  lower  displacement  because  of  the  period  shift.  Prior  to  the  shift,  the  ratios  of  the  maximum 
displacements  in  simulation  E150N  to  those  in  E050N  are  larger  than  the  ratios  of  the  respective  PGAs 
(approximately  320%,  vs.  265%). 

The  maximum  relative  story  displacement  profiles  for  simulations  E025DL  -  E200DL  (Figure  4.7) 
show  consistently  increasing  relative  displacements  with  increasing  PGA.  For  example,  the  PGA  in 
simulation  E200DL  is  610%  of  that  in  simulation  E025DL,  while  the  third  floor  relative  displacement  for 
simulation  E200DL  is  1,147%  that  of  simulation  E025DL.  The  profiles  reflect  the  same  general  relative 
displacement  relationships  among  the  three  stories.  The  same  is  generally  true  for  simulations  E025N  - 
E200N,  except  that,  in  simulation  E200N,  the  spandrel  failures  cause  significant  displacement  increases  in 
the  second  and  third  stories.  Maximum  relative  displacements  in  simulations  E025N  -  E200N  are 
approximately  twice  the  relative  displacements  in  simulation  E025DL  -  E200DL  for  corresponding  PGA. 

In  the  simulations  with  VEDs  installed,  maximum  normalized  displacements  generally  become 
larger  with  higher  input  motion  intensity.  Table  4.2  and  Figure  4.8  show  that,  at  the  first  floor  level,  the 
maximum  normalized  relative  displacement  rises  from  0.5  inches/g  to  0.7  inches/g,  over  the  sequence  of 
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simulations.  Similarly,  at  the  second  floor  level,  the  maximum  normalized  relative  displacement  rises  from 
1 . 1  inches/g  to  1 .65  inches/g,  and,  at  the  third  floor  level,  the  maximum  normalized  relative  displacement 
rises  from  1 .45  inches/g  to  2. 15  inches/g.  For  PGA  <  0.25  g,  the  maximum  normalized  Taft  displacements 
are  marginally  larger  than  the  El  Centro  displacements  for  corresponding  input  motion  intensities.  Above 
this  PGA,  the  maximum  normalized  El  Centro  displacements  are  larger  than  the  corresponding  Taft  values. 
However,  differences  between  the  El  Centro  and  Taft  responses  are  minor. 

Figure  4.8  characterizes  the  response  of  the  structure  in  simulations  E025N  -  E200N,  when  the 
VEDs  were  removed.  At  the  first  floor  level,  the  maximum  normalized  relative  displacement  rises  from 
0.96  inches/g  to  1.20  inches/g,  from  simulation  E025N  to  simulation  E125N.  Over  the  same  range  and  at 
the  second  floor  level,  the  maximum  normalized  relative  displacement  rises  from  2.48  inches/g  to  3.27 
inches/g,  while,  at  the  third  floor  level,  the  maximum  normalized  relative  displacement  rises  from  3.48 
inches/g  to  4.60  inches/g.  In  simulation  E200N,  the  maximum  normalized  displacement  fells  to  0.86 
inches/g  at  the  first  floor,  increases  to  3.94  inches/g  at  the  second  floor,  and  increases  markedly  to  6.91 
inches/g  at  the  third  floor.  In  that  simulation,  the  upper  story  spandrel  beam  failures  occurred,  probably 
shifting  the  structural  response  enough  to  reduce  the  first  story  displacement.  The  large  increases  in  the 
maximum  normalized  relative  second  and  third  story  displacements  in  simulations  E150N  and  E200N 
indicate  substantial  stiffness  degradation  occurred. 

4.3  Interstorv  Displacements 

The  interstory  displacement  is  calculated  as  the  difference  between  the  measured  displacement  of 
the  target  floor  level  and  the  measured  displacement  of  the  next  lower  floor  level.  The  interstory  drift 
represents,  in  percent,  the  interstory  displacement  divided  by  the  story  height,  measured  to  the  center  of  the 
relevant  floor  slabs.  Respective  story  heights  are  38.81"  for  the  first  story,  and  40.00"  for  each  of  the 
second  and  third  stories.  While  maximum  relative  story  displacements  provide  helpful  information  on  the 
global  response  of  the  model,  interstory  displacements  provide  more  detailed  insight  into  its  response. 
Interstory  displacement  histories  for  all  simulations  are  plotted  in  Figures  C.3.1  -  C.3.17,  while  interstory 
drift  histories  for  all  major  simulations  are  provided  in  Figures  C.3.18  -  C.3.41.  Maximum  interstory  drift 
profiles  for  all  simulations  are  provided  in  Figures  C.3.42  -  C.3.46.  Figure  4.9  shows  representative 
interstory  drift  histories  for  simulations  E050DL  and  E150DL,  for  the  initial  10  sec  of  each  record,  while 
Figure  4.10  shows  the  same  for  simulations  E050N  and  E150N.  Figure  4.11  presents  story  drift  profiles 
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for  simulations  E025DL  -  E200DL  and  E025N  -  E200N.  Figure  4. 12  plots  maximum  recorded  interstory 
drift  vs.  PGA  for  the  three  series  of  earthquake  simulations;  both  maxima  and  maxima  normalized  by  PGA 
are  presented.  Table  4.3  lists  the  maximum  and  normalized  (by  PGA)  interstory  displacements  and  drift 
ratios. 

In  Figure  4.9,  the  overlay  of  the  interstory  drift  records  for  simulations  E050DL  and  E150DL 
shows  virtually  identical  responses  for  the  two  simulations  with  respect  to  the  time  scale.  At  the  instants  of 
maximum  interstory  displacement,  the  ratios  of  the  drifts  in  simulation  E150DL  to  those  in  E050DL  are 
larger  than  the  ratios  of  the  respective  PGAs.  Whereas  the  PGA  ratio  is  242%,  the  first,  second,  and  third 
story  ratios  are  333%,  354%,  and  333%,  respectively.  The  similarities  of  the  time  scales  in  the  records 
implies  that  only  limited  structural  degradation  occurred  at  the  lower  input  motion  intensities.  These  plots 
also  show  that  the  response  is  dominated  by  the  first  mode  of  the  structure. 

In  Figure  4.10,  the  overlay  of  the  interstory  drift  records  for  simulations  E050N  and  E150N  shows 
very  similar  responses  for  the  two  simulations,  with  respect  to  the  time  scale,  until  approximately  4.5  sec 
elapsed  time,  when  the  E150N  record  shows  a  shift  to  a  response  that  has  a  slightly  longer  period  and 
reduced  amplification.  Prior  to  that  shift,  and  at  the  instants  of  maximum  interstory  displacement,  the 
ratios  of  the  drifts  in  simulation  E150N  to  those  in  E050N  are  larger  than  the  ratios  of  the  respective 
PGAs.  Whereas  the  PGA  ratio  is  265%,  the  first,  second,  and  third  story  ratios  are  309%,  334%,  and 
376%,  respectively.  More  complete  examination  of  the  interstory  displacement  records  in  Appendix  C 
shows  that  significant  changes  in  response  also  occurred  in  two  other  simulations.  At  approximately  7.0 
sec  into  simulation  E125N,  a  slight  period  shift  occurs.  At  approximately  3.25  sec  into  simulation  E200N, 
a  significant  period  shift  occurs  (this  marked  the  “failure”  of  the  model).  The  displacement  records  also 
show  some  higher  mode  influence;  this  is  most  obvious  in  the  third  story  response.  This  is  seen  in  the  range 
of  0.5  sec  -  3.5  sec  of  Figure  4.10. 

In  Figure  4.11,  the  story  drift  profiles  for  simulations  E025DL  -  E200DL  show  larger  drift 
increases  with  increased  PGA  at  the  second  story  level  than  the  first  story  level,  with  drift  increases  with 
larger  PGA  in  the  third  story  being  smallest.  The  story  drift  profiles  for  simulations  E025N  -  E200N  show 
the  same  general  trends.  Because  the  second  and  third  story  drift  ratios  were  so  large  (>  7%)  in  simulation 
E200N,  those  values  are  not  plotted  in  Figure  4.1 1. 

In  Figure  4. 12,  normalized  drift  ratios  for  all  simulations  with  VEDs  installed  generally  increase 
with  increasing  PGA  on  all  floors.  There  is  no  significant  difference  between  corresponding  Taft  and  El 
Centro  simulation  drifts.  Second  story  displacements  are  consistently  largest,  followed  in  decreasing  order 
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by  first  story  displacements  and  third  story  displacements.  At  the  first  story  level,  the  maximum 
normalized  interstory  displacement  increases  from  approximately  0.45  inches/g  to  0.73  inches/g,  over  the 
range  of  simulations.  Similarly,  at  the  second  story  level,  the  maximum  normalized  interstory  displacement 
increases  from  approximately  0.65  inches/g  to  0.95  inches/g,  and,  at  the  third  story  level,  the  maximum 
normalized  interstory  displacement  increases  from  approximately  0.40  inches/g  to  0.55  inches/g. 

Following  removal  of  the  VEDs,  simulations  E025N  -  E200N  were  conducted.  Second  story 
displacements  are  again  the  largest,  but  third  story  displacements  are  larger  than  first  story  displacements. 
The  normalized  displacements  generally  increase  with  increasing  PGA  on  all  three  floors.  At  the  first  story 
level,  the  maximum  normalized  interstory  displacement  increases  from  approximately  0.96  inches/g  to  1.20 
inches/g,  over  the  range  of  simulations  E025N  -  E150N.  Similarly,  at  the  second  story  level,  the  maximum 
normalized  interstory  displacement  increases  from  approximately  1.71  inches/g  to  2.08  inches/g,  and,  at  the 
third  story  level,  the  maximum  normalized  interstory  displacement  increases  from  approximately  1.19 
inches/g  to  1.66  inches/g.  In  simulation  E200N,  the  interstory  displacements  change  markedly,  reflecting 
the  spandrel  failures  on  the  second  and  third  floor  levels.  Interstory  displacements  for  stories  two  and  three 
increase,  while  those  in  the  first  story  decrease. 

The  serviceability  of  the  structure  is  significantly  improved  by  the  addition  of  the  VEDs. 

Reference  31  recommends  a  2%  story  drift  limit  to  maintain  life  safety  in  the  rehabilitation  of  a  concrete 
frame,  while  Reference  32  recommends  a  1.5%  story  drift  limit  in  new  construction.  With  VEDs  installed, 
the  structure  sustained  the  E150DL  simulation  (PGA  =  0.55  g)  without  crossing  either  threshold.  In 
simulation  E200DL  (PGA  =  0.86  g),  the  second  story  had  a  2.2%  drift  and  the  first  story  had  a  1.6%  drift, 
slightly  exceeding  the  recommended  limits.  With  VEDs  removed,  the  second  story  had  a  1.8%  drift  in 
simulation  E100N  (PGA  =  0.41g)  and  a  2.2%  drift  in  simulation  E125N  (PGA  =  0.41  g). 

4.4  Story  Shears 

Inertial  forces  for  each  floor  were  calculated  as  the  product  of  floor  acceleration  and  floor  mass. 
Story  shear  is  defined  as  the  sum  of  target  floor  inertial  force  and  the  inertial  forces  of  all  floors  above  the 
target  floor  level,  at  any  instant.  The  first  story  shear,  or  base  shear,  is  therefore  the  sum  of  all  floor 
inertial  forces  at  any  instant.  Because  of  the  direct  dependence  of  story  shear  on  floor  accelerations,  trends 
in  the  story  shears  reflect  trends  in  the  floor  accelerations,  particularly  in  first  mode-dominated  response. 
Story  shear  histories  for  all  simulations  are  provided  in  Figures  C.4. 1  -  C.4. 17,  while  maximum  story  shear 
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profiles  for  all  simulations  are  provided  in  Figures  C.4.18  -  C.4.24.  In  Figures  C.4.25  -  C.4.31,  the 
maximum  story  shear  profiles  are  replotted,  normalized  by  the  total  model  weight  (58.7  kips).  Figure  4. 13 
shows  representative  story  shear  histories  for  simulations  E050DL  and  E150DL,  for  the  initial  10  sec  of 
each  record,  while  Figure  4. 14  shows  the  same  for  simulations  E050N  and  E150N.  Figure  4. 15  presents 
maximum  story  shear  profiles,  normalized  by  the  total  model  weight,  for  simulations  E050DL,  E150DL, 
E050N,  and  E150N.  Figure  4. 16  plots  maximum  story  shear  vs.  PGA  for  the  three  series  of  earthquake 
simulations;  both  maxima  and  maxima  normalized  by  PGA  are  presented.  Table  4.4  lists  the  maximum 
recorded  and  normalized  (by  PGA)  story  shears. 

In  Figure  4.13,  the  overlay  of  the  story  shear  records  for  simulations  E050DL  and  E150DL  shows 
virtually  identical  responses  for  the  two  simulations,  with  respect  to  the  time  scale.  At  the  instants  of 
maximum  story  shear,  the  ratios  of  the  story  shears  in  simulation  E150DL  to  those  in  E050DL  are  larger 
than  the  ratios  of  the  respective  PGAs.  Whereas  the  PGA  ratio  is  242%,  the  first,  second,  and  third  story 
ratios  are  263%,  275%,  and  287%,  respectively;  amplification  increases  with  height.  The  similarities  of 
the  time  scales  in  the  records  implies  that  only  limited  structural  degradation  occurred  at  the  lower  input 
motion  intensities.  These  plots  also  show  that  the  response  is  dominated  by  the  first  mode  of  the  structure, 
although  some  higher  mode  influence  is  visible. 

In  Figure  4.14,  the  overlay  of  the  story  shear  time  histories  for  simulations  E050N  and  E150N 
shows  very  similar  responses  for  the  two  simulations,  with  respect  to  the  time  scale,  until  approximately 
4.5  sec  elapsed  time,  when  the  E150N  record  shows  a  distinct  shift  to  a  response  that  has  a  slightly  longer 
period  and  reduced  amplification.  Prior  to  that  shift,  and  at  the  instants  of  maximum  story  shear,  the  ratios 
of  the  shears  in  simulation  E150N  to  those  in  E050N  are  larger  than  the  ratios  of  the  respective  PGAs. 
Whereas  the  PGA  ratio  is  265%,  the  first,  second,  and  third  story  ratios  are  309%,  345%,  and  309%, 
respectively. 

The  story  shear  profiles  in  Figure  4. 15  show  that  the  relative  distributions  of  story  shears  do  not 
change  significantly  from  simulation  E050DL  to  E150DL,  or  from  simulation  E050N  to  E150N.  Figure 
4.16  shows  that,  for  the  El  Centro  simulations  with  VEDs  installed,  the  maximum  base  shear  rises  from 
5%  of  total  model  weight  in  simulation  E010DL  to  80%  of  total  model  weight  in  simulation  E200DL.  For 
the  parallel  Taft  simulations,  the  maximum  base  shear  rises  from  5%  of  total  model  weight  in  simulation 
T021DL  to  70%  of  total  model  weight  in  simulation  T420DL.  For  comparable  PGAs,  the  Taft  base  shears 
are  consistently  lower  than  the  El  Centro  base  shears.  The  maximum  base  shears  for  simulations  with 
VEDs  removed  are  substantially  lower  than  those  for  simulations  with  VEDs  installed  at  approximately  the 
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same  PGAs.  For  example,  the  maximum  base  shear  in  simulation  E100DL  is  43%  of  total  model  weight, 
while  the  maximum  base  shear  in  simulation  E100N  is  20%  of  total  model  weight. 

The  maximum  normalized  (by  PGA)  story  shears  in  Figure  4.16  provide  a  summary  of  trends  in 
the  story  shears. 

The  third  story  shear  is  directly  related  to  third  floor  acceleration,  since  it  is  simply  the  product  of 
the  acceleration  and  the  story  mass.  In  simulations  E010DL  -  E250DL,  the  normalized  third  story  shear  is 
approximately  40%/g  for  PGA  <  0.25  g).  In  the  mid-range,  0.25  g  <  PGA  <  0.65  g,  the  normalized  third 
story  shear  increases  to  a  level  of  slightly  over  50%/g.  At  PGA  >  0.65  g,  the  normalized  third  story  shear 
decreases  to  a  level  of  about  45%/g  for  simulation  E200DL  (PGA  =  0.86  g).  Normalized  Taft  values  are 
consistently  lower  than  El  Centro  values  for  corresponding  input  motion  intensities. 

In  simulations  E010DL  -  E250DL,  the  normalized  second  story  shear  is  approximately  80%/g  for 
PGA  <  0.25  g.  The  normalized  second  story  shear  rises  to  approximately  85%/g  for  the  mid-range,  0.25  g 
<  PGA  <  0.65  g,  before  falling  again  to  approximately  75%/g  at  PGA  >  0.65  g.  Except  for  the  lower  input 
motion  intensities,  the  normalized  Taft  values  are  consistently  lower  than  the  El  Centro  values,  for 
corresponding  input  motion  intensities. 

In  simulations  E010DL  -  E250DL,  the  normalized  first  story  (base)  shear  is  approximately 
105%/g  for  PGA  s  0.25  g.  The  normalized  base  shear  rises  to  approximately  1 15%/g  at  the  mid-range, 
0.30  g  <  PGA  <  0.60  g,  before  falling  to  approximately  90%/g  at  PGA  >  0.60  g.  Except  for  the  lower 
input  motion  intensities,  the  normalized  Taft  values  are  consistently  lower  than  the  El  Centro  values  for 
corresponding  input  motion  intensities. 

In  both  the  second  story  and  the  base  levels,  the  normalized  shears  for  simulation  E250DL  (PGA  = 
0.74  g)  are  somewhat  lower  than  for  simulation  E200DL  (PGA  =  0.86  g). 

In  simulations  E025N  -  E200N,  the  story  shears  are  consistently  lower  at  floor  levels  one  and  two 
than  for  simulations  E025DL  -  E200DL,  even  though  their  maximum  floor  accelerations  are  comparable. 
This  is  an  indication  that  higher  mode  response  is  significant  in  the  simulations  without  VEDs  installed,  so 
that  the  three  maximum  floor  accelerations  do  not  occur  simultaneously.  At  the  third  story  level,  the 
normalized  story  shear  rises  from  25%/g  to  35%/g  until  simulation  E150N  (PGA  =  0.55  g),  where  it  falls 
slightly.  At  the  second  story  level,  the  normalized  story  shear  rises  from  40%/g  to  45%/g  over  the  range  of 
simulations  up  to  simulation  E150N.  At  the  first  story  (base)  level,  the  normalized  base  shear  rises  from 
45%/g  to  55%/g  over  the  range  of  simulations  up  to  simulation  E150N.  In  simulation  E200N,  the  story 
shears  at  all  levels  fall  significantly  below  a  linear  extension  of  the  results  of  the  lower  intensity 
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simulations,  E025N  -  E150N.  For  example,  the  normalized  base  shear  reduces  from  55%/g  in  simulation 
E150N  to  38%/g  in  simulation  E200N. 

4.5  Story  Shear  Vs.  Displacement  Relations 

Plots  of  the  story  shear  vs  interstory  displacement  for  all  earthquake  simulations  may  be  found  in 
Figures  C.5.1  -  C.5.17.  These  plots  provide  indications  of  the  energy  dissipation,  or  hysteresis,  and 
stiffness  characteristics  in  each  story.  Plots  of  the  base  shear  vs  third  story  displacement  for  all  earthquake 
simulations  may  be  found  in  Figures  C.6. 1  -  C.6.5.  These  plots  provide  indications  of  the  global  hysteresis 
characteristics  of  the  three  stories  acting  as  a  system.  Figure  4.17  plots  story  shear  vs.  interstory 
displacement  for  simulations  E050DL  and  E150DL,  and  Figure  4.18  shows  the  same  for  simulations 
E050N  and  E150N. 

For  the  simulations  E010DL  -  E250DL  and  T021DL  -  T420DL,  the  hysteresis  loops  are  broad, 
inflating  good  energy  dissipation,  and  smooth,  indicating  only  minimal  stiffness  changes  occurred  in  each 
simulation.  Moreover,  within  each  series,  sequential  events  appear  to  be  almost  linearly  larger  than 
previous  ones,  indicating  that  structural  response  remains  very  close  to  linearly  elastic.  This  is  illustrated 
in  the  story  shear  vs.  interstory  displacement  plots  for  simulations  E050DL  and  E150DL  (Figure  4.17).  By 
contrast,  the  results  for  simulations  E025N  -  E200N  show  very  tight,  pinched  hysteresis  loops,  indicating 
low  energy  dissipation.  This  is  illustrated  in  the  story  shear  vs.  interstory  displacement  plots  for 
simulations  E050N  and  E150N  (Figure  4.18).  In  addition,  the  higher  stiffness  of  the  structure  with  VEDs 
installed  may  be  seen  in  the  higher  slopes  of  the  hysteresis  plots  of  the  simulations  that  included  VEDs. 

This  will  be  studied  further  in  Chapters  5  and  6. 

4.6  Overturning  Moments 

Overturning  moments  (OTMs)  for  each  floor  level  were  calculated  as  the  sum  of  the  products  of 
the  floor  accelerations,  floor  masses,  and  the  distances  from  floor  centers  of  mass  to  the  reference  location 
for  calculating  OTM,  for  each  floor  above  the  reference  location.  The  reference  locations  were  the  top  of 
the  base  girder,  for  base  moment;  the  top  of  the  first  floor  slab,  for  first  floor  moment;  and  the  top  of  the 
second  floor  slab,  for  second  floor  moment.  Floor  masses  and  distances  from  the  top  of  the  base  girder  to 
the  floor  centers  of  mass  are  listed  in  Table  A.5.  Plots  of  the  maximum  OTM  profiles  for  all  earthquake 
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simulations  may  be  found  in  Figures  C.7. 1  -  C.7.7.  Figure  4.19  plots  the  OTM  profiles  for  simulations 
E050DL,  E150DL,  E050N,  and  E150N.  Figure  4.20  plots  maximum  OTM  vs.  PGA  for  all  three  series  of 
earthquake  simulations;  both  maxima  and  maxima  normalized  by  PGA  are  presented.  Table  4.5  lists 
maximum  OTMs,  and  maximum  OTMs  normalized  by  PGA,  for  each  floor  and  each  simulation. 

The  OTM  profiles  in  Figure  4.19  show  that  the  relative  distributions  of  OTMs  change  little  from 
simulation  E050DL  to  E150DL,  and  from  simulation  E050N  to  E150N.  The  OTMs  on  all  floors  in 
simulation  E150DL  are  about  275%  of  those  in  simulation  E050DL.  The  base  and  floor  1  OTMs  in 
simulation  E150N  are  about  345%  of  those  in  simulation  E050N,  while  the  floor  2  OTM  in  simulation 
E150N  is  about  315%  of  the  OTM  in  simulation  E050N. 

Figure  4.20  summarizes  OTM  trends  for  all  of  the  earthquake  simulations. 

For  both  the  El  Centro  and  Taft  simulations  with  VEDs  installed,  maximum  normalized  base  and 
first  floor  OTMs  are  inconsistent  when  the  PGA  <  0.25  g,  while  the  maximum  normalized  second  floor 
OTMs  are  relatively  constant  at  approximately  1,000  inch-kips/g  (in-k/g).  For  the  mid-range  simulations, 
0.25  g  <  PGA  <  0.65  g,  the  maximum  normalized  OTMs  for  all  simulations  with  VEDs  installed  are 
relatively  constant.  The  normalized  maximum  El  Centro  simulation  OTMs  are  approximately  5,500  in-k/g, 
3,300  in-k/g,  and  1,100  in-k/g,  for  the  base,  first  floor,  and  second  floor,  respectively.  Corresponding 
normalized  maximum  Taft  OTMs  are  somewhat  lower.  For  simulations  with  the  PGA  >  0.65  g,  the 
maximum  OTMs  for  both  the  El  Centro  and  the  Taft  simulations  reduce  about  12%  -  15%  at  the  base  and 
first  floor  levels,  and  about  6%  for  the  second  floor  level. 

For  the  simulations  with  VEDs  removed,  the  maximum  normalized  OTMs  increase  about  33%  at 
the  base  and  first  floor  levels,  and  about  24%  at  the  second  floor  level,  over  the  series  of  simulations, 
through  simulation  E125N  (PGA  =  0.48  g).  At  the  base  level,  the  increase  is  from  2,100  in-k/g  to  2,800 
in-k/g.  At  the  first  floor  level,  the  increase  is  from  1,400  in-k/g  to  1,900  in-k/g.  At  the  second  floor  level, 
the  increase  is  from  640  in-k/g  to  800  in-k/g.  In  simulation  E150N  (PGA  =  0.56  g),  normalized  OTM 
magnitudes  level  off  at  about  the  same  magnitudes  as  those  of  simulation  E125N.  In  simulation  E200N, 
when  spandrel  failure  occurred,  OTMs  reduce  about  40%. 

4.7  Viscoelastic  Damper  (VEDl  Performance 

There  were  four  large  VEDs  installed  at  each  floor  level  during  simulations  E010DL  -  E250DL 
and  T021DL  -  T420DL.  The  structural  configuration  ensured  that,  at  each  floor  level,  shear  deformations 
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of  the  two  VEDs  on  the  north  side  of  the  model  opposed  those  of  the  two  VEDs  on  the  south  side  of  the 
model.  Both  force  and  shear  deformation  were  recorded  for  each  VED  in  each  simulation.  VED  force  was 
measured  via  a  strain  gage  bridge  on  one  leg  of  each  VED  brace  (Section  B.2.(d)).  VED  shear  deformation 
was  measured  by  a  linear  variable  displacement  transducer  (LVDT)  that  was  bridged  across  each  VED 
(Section  B.2.(c)).  For  all  simulations  with  VEDs  installed.  Figures  C.8.1  -  C.8.46  plot  VED  force 
histories,  Figures  C.9.1  -  C.9.46  plot  VED  shear  deformation  histories,  and  Figures  C.10.1  -  C.  10.46  plot 
VED  force-deformation  hystereses.  Figures  4.21  -  4.24  plot  the  VED  hystereses  for  simulations  E050DL 
and  E150DL,  illustrating  the  trends  found  in  the  testing.  The  plots  show  the  variation  of  the  VED 
responses  at  the  various  locations  in  the  model;  the  different  VEDs  tend  to  show  individual  damping  and 
stiffiiess  characteristics. 

To  analyze  the  general  performance  of  the  VEDs  as  they  acted  as  a  system  at  each  story  level,  the 
maximum  sums  of  the  horizontal  components  of  the  VED  forces  (using  the  undeformed  geometry  of  the 
structure  at  each  level)  were  calculated  and  are  presented.  The  horizontal  component  of  the  VED  force 
torresponds  closely  to  the  story  shear,  and  thus  provides  a  means  to  compare  the  VED  force  with  total 
inertial  force  in  the  structure.  Figures  C.ll.l-C.11.5  provide  profiles  of  maximum  story  shears  vs.  the 
maximum  sums  of  the  horizontal  components  of  the  VED  forces  for  all  simulations  with  VEDs  installed. 
Figure  4.25  provides  profiles  of  maximum  story  shears  and  the  maximum  sums  of  the  horizontal 
components  of  VED  forces,  for  simulations  E050DL  and  E150DL.  Figure  4.26  plots  the  maximum  sums 
of  the  horizontal  components  of  VED  forces  vs.  PGA;  both  maxima  and  maxima  normalized  by  PGA  are 
presented.  Figure  4.27  plots  the  sums  of  the  horizontal  components  of  VED  forces,  as  a  fraction  of  the 
corresponding  maximum  story  shears,  vs.  PGA,  both  at  the  time  of  maximum  story  shear  and  at  the  time  of 
maximum  damper  force  sum.  Table  4.6  lists  the  maximum  recorded  and  normalized  (by  PGA)  sums  of 
horizontal  components  of  VED  forces.  Table  4.7  lists  the  maximum  recorded  story  shears  and 
corresponding  sums  of  the  horizontal  components  of  VED  forces,  at  the  time  of  maximum  negative  story 
shear,  as  plotted  in  the  story  shear  histories  (Figures  C.4.1  -  C.4.9).  Table  4.8  lists  the  maximum  recorded 
story  shears  and  corresponding  sums  of  the  horizontal  components  of  VED  forces,  at  the  time  of  maximum 
positive  story  shear,  as  plotted  in  Figures  C.4.1  -  C.4.9.  Table  4.9  lists  the  maximum  recorded  story 
shears  and  corresponding  maximum  sums  of  the  horizontal  components  of  VED  forces  that  occur 
immediately  before  the  maximum  negative  story  shear  occurs.  Table  4.10  lists  the  maximum  recorded 
story  shears  and  corresponding  maximum  sums  of  the  horizontal  components  of  VED  forces  that  occur 
immediately  before  the  maximum  positive  story  shear  occurs.  Tables  4.11  and  4.12  list  elapsed  times  for 
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the  story  shear,  VED  force  sum,  and  interstory  displacement  maxima. 

In  Figures  4.21  -  4.24,  the  VED  hystereses  show  general  repeatability  in  scaling  the  responses  up 
from  simulation  E050DL  to  simulation  E150DL.  There  is  variation  in  the  behaviors  of  the  four  different 
VEDs  at  each  story  level.  For  example,  in  Figure  4.21,  comparing  the  plots  for  the  NW  and  NE  VEDs  on 
the  first  story  shows  a  higher  slope,  or  stiffness,  for  the  NE  VED  than  for  the  NW  VED.  In  general,  the 
VEDs  on  the  south  side  of  the  model  exhibit  lower  stiffness  than  the  VEDs  on  the  north  side  of  the  model, 
as  evidenced  by  the  slopes  of  the  plots.  The  third  story  VEDs  exhibit  almost  zero  net  slope,  indicating  that 
they  have  low  stiffness.  Energy  dissipation  characteristics,  as  evidenced  by  the  areas  enclosed  by  the  loops, 
appear  more  uniform  at  each  story  level  than  the  stiffness  characteristics.  More  energy  is  dissipated  in  the 
first  and  second  stories  than  in  the  third  story.  Figures  4.21  and  4.23  also  show  an  anomaly  at  the  second 
story  level  that  appears  throughout  the  data:  the  displacements  measured  in  the  NE  VED  are  consistently 
15%  -  20%  larger  than  those  measured  in  the  NW  VED.  The  variations  in  VED  characteristics  will  be 
explored  more  fully  in  Chapter  5. 

The  plots  of  the  distributions  of  the  maximum  sums  of  the  horizontal  components  of  the  VED 
forces  by  story  level  (Figure  4.25,  Table  4.6)  show  that  the  second  story  VEDs  carry  about  4%  higher  total 
force  than  those  of  the  first  story  in  the  El  Centro  simulations.  This  differential  increases  to  7%  in  the  Taft 
simulations. 

Figure  4.26  and  Table  4.6  show  that,  for  the  El  Centro  simulations,  the  maximum  sums  of  the 
horizontal  components  of  the  VED  forces  normalized  by  PGA  increase  significantly  for  all  floors  for 
successive  simulations  through  PGA  =  0.55  g  (E150DL).  For  example  the  normalized  sums  increase  by 
21%,  28%,  and  38%  for  the  first,  second,  and  third  stories,  respectively,  from  simulation  E050DL  to 
simulation  E150DL.  For  simulations  E200DL  and  E250DL,  the  third  story  normalized  VED  force  sum 
remains  elevated,  while  the  corresponding  normalized  first  and  second  story  sums  reduce  about  8%.  As  the 
reinforced  concrete  structure  accrues  damage  and  softens,  the  VEDs  attract  higher  percentages  of  total 
story  shear.  By  contrast,  for  the  Taft  simulations,  the  maximum  sums  of  the  horizontal  components  of  the 
VED  forces  normalized  by  PGA  remain  relatively  constant  on  all  story  levels  for  all  simulations.  With 
increasing  PGA,  normalized  El  Centro  sums  become  correspondingly  larger  than  the  Taft  sums. 

The  plots  of  the  ratios  of  sums  of  the  horizontal  components  of  the  VED  forces  to  the  story  shear 
at  the  instants  of  the  positive  and  negative  story  shear  maxima  vs.  PGA  (left  column  of  Figure  4.27,  Tables 
4.7  and  4.8)  show  high  variability  in  the  ratios;  data  are  scattered. 

More  consistency  is  seen  in  the  plots  of  the  ratios  of  the  maximum  sums  of  the  horizontal 
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components  of  the  VED  forces  at  the  instants  of  maximum  VED  force  sum  vs.  PGA  (right  column  of 
Figure  4.27,  Tables  4.9  and  4.10).  In  both  the  El  Centro  and  Taft  simulations,  the  VEDs  assume  a  larger 
percentage  of  the  story  shear  with  increasing  PGA,  for  the  times  of  both  reported  story  shear  maxima,  for 
all  stories.  In  the  Taft  simulations,  there  is  less  consistency,  and  the  increase  is  less  pronounced.  In  the  El 
Centro  simulations,  the  percentage  of  the  story  shear  assumed  by  the  VEDs  is  about  15%  higher  at  the  time 
of  the  positive  story  shear  maximum  than  at  the  time  of  the  negative  story  shear  maximum,  for  the  first 
story.  On  the  second  story,  the  percentage  of  the  story  shear  assumed  by  the  VEDs  is  about  the  same  for 
the  two  story  shear  maxima.  For  the  third  story,  the  percentage  of  the  story  shear  assumed  by  the  VEDs  is 
about  15%  higher  at  the  time  of  the  negative  story  shear  maximum  than  at  the  time  of  the  positive  story 
shear  maximum.  In  the  Taft  simulations,  the  percentage  of  the  story  shear  assumed  by  the  VEDs  is 
consistently  higher  at  the  time  of  the  positive  story  shear  maximum  than  at  the  time  of  the  negative  story 
shear  maximum,  for  all  three  stories;  the  differential  averages  about  15%  on  the  first  two  stories  and  under 
5%  on  the  third  story  level. 

In  the  El  Centro  simulations,  both  reported  story  shear  maxima  occur  very  early,  at  approximately 
1.1  and  1.3  sec  elapsed  time,  and  in  the  same  oscillatory  cycle  of  structural  motion.  These  maxima  occur 
without  significant  prior  oscillations.  In  the  Taft  simulations,  both  reported  story  shear  maxima  occur 
somewhat  later  and  further  apart  in  elapsed  time,  at  approximately  4.6  and  6.3  sec  elapsed  time, 
respectively.  The  maximum  that  occurs  at  approximately  6.3  sec  elapsed  time,  is  preceded  by  at  least  two 
complete  significant  force  -  displacement  cycles.  The  relative  magnitudes  of  VED  forces  may  be  partially 
explained  by  the  tendency  for  both  VED  stiffness  and  damping  properties  to  degrade  with  sustained 
excitation.  This  will  be  explored  in  Chapter  5. 

The  El  Centro  story  shear  maximum  that  occurs  at  1.3  sec  elapsed  time  is  30%  -  40%  larger  than 
the  story  shear  maximum  that  occurs  at  1 . 1  sec  elapsed  time,  with  correspondingly  higher  interstory 
displacements.  The  Taft  story  shear  maximum  that  occurs  at  6.3  sec  elapsed  time  is  5%  -  15%  larger  than 
the  story  shear  maximum  that  occurs  at  4.6  sec  elapsed  time.  The  relative  magnitudes  of  VED  forces  may 
also  be  partially  explained  by  the  shear  strain  dependency  of  the  VED  stiffness  and  damping  properties. 
This  too  will  be  explored  in  Chapter  5. 

Tables  4. 1 1  and  4. 12  show  that  times  of  maximum  VED  force  sums  consistently  precede 
maximum  story  shear  times  by  0.02  -  0.04  sec,  and  times  of  maximum  interstory  displacement  by  0.04  - 
0.06  sec,  showing  the  phase  angle  between  force  and  deformation  that  is  characteristic  of  viscoelastic 
materials.  Examination  of  the  times  at  which  individual  floor  maxima  are  reached  also  typically  shows  a 
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small  time  lag  (0.02  -  0.04  sec)  between  the  first  floor  maxima  and  the  third  floor  maxima,  with  second 
floor  maxima  times  occurring  between  the  other  two. 

4.8  Column  Shears 


In  simulations  with  VEDs  installed  in  the  model,  for  any  given  story,  the  total  story  shear  above  the 
exterior  column  collars  in  a  story  is  carried  by  a  combination  of  the  horizontal  components  of  the  VED 
brace  forces  and  the  sum  of  the  column  shears  in  the  model  above  the  collars.  The  total  column  shear  was 
estimated  by  subtracting  the  sum  of  the  horizontal  components  of  the  YED  forces  from  the  total  story 
shear,  in  each  story.  There  was  no  direct  measurement  of  column  shear.  Figures  C.  12. 1  -  C.  12. 13  plot 
column  shear  histories  for  all  simulations  with  VEDs  installed.  Figures  C.13.1  -  C.13.13  plot  column 
shear  vs.  interstory  displacement  hystereses  for  all  simulations  with  VEDs  installed.  Figures  C.13.14  - 
C.13.18  plot  maximum  column  shear  and  maximum  story  shear  profiles  for  all  simulations  with  VEDs 
installed. 

Figure  4:25  (already  reported  above)  provides  profiles  of  maximum  story  shears  and  maximum 
column  shears,  for  simulations  E050DL  and  E150DL.  Figure  4.28  plots  the  maximum  column  shear  vs. 
PGA;  both  maxima  and  maxima  normalized  by  PGA  are  presented.  Table  4.13  lists  the  maximum  column 
shears,  and  maximum  column  shears  normalized  by  PGA,  for  each  floor  and  each  simulation.  In  the  series 
E025N  -  E200N,  the  column  shear  is  the  same  as  the  story  shear,  since  no  braces  were  used,  so  those 
maxima  are  not  repeated. 

Figure  4.25  indicates  that,  with  higher  PGA,  the  maximum  column  shear  decreases  slightly  as  a 
portion  of  the  maximum  story  shear,  at  all  three  floor  levels.  For  example,  in  simulation  E050DL,  the 
maximum  first  story  column  shear  is  67%  of  the  maximum  base  shear,  while,  in  simulation  E150DL,  the 
maximum  first  story  column  shear  is  64%  of  the  maximum  base  shear.  The  reader  is  reminded  that, 
because  of  the  phase  angle  between  VED  force  and  deformation,  the  maximum  column  shear  and  the 
maximum  sum  of  the  horizontal  components  of  the  VED  forces  do  not  occur  simultaneously. 

The  maximum  normalized  (by  PGA)  column  shears  in  Figure  4.28  and  Table  4.13  are  inconsistent 
at  all  story  levels  for  simulations  with  PGA  <  0.25  g.  For  the  mid-range,  0.25  g  <  PGA  <  0.60  g, 
normalized  column  shears  are  almost  constant:  the  normalized  first  story  column  shear  is  about  40  kips/g 
for  both  series;  the  normalized  second  story  column  shear  averages  about  28  kips/g  for  the  El  Centro 
simulations;  and,  the  normalized  third  story  column  shears  average  about  25  kips/g  for  the  El  Centro 
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simulations.  Taft  simulation  column  shears  are  somewhat  lower  than  corresponding  El  Centro  column 
shears.  For  PGA  >  0.60  g,  the  normalized  column  shears  drop  significantly  on  all  story  levels.  For 
example,  the  normalized  first  story  column  shear  drops  from  42  kips/g  in  simulation  E150DL  to  32  kips/g 
in  simulation  E200DL;  reductions  in  the  Taft  simulations  are  similar. 

4.9  Comparisons  of  Story  Shear.  Column  Shear,  and  Sums  of  Horizontal  Components  of  Damper  Forces 

Figures  C.  14. 1  -  C.  14. 17  overlay  the  story  shear,  column  shear,  and  the  sum  of  the  horizontal 
components  of  VED  forces,  for  simulations  E010DL  -  E250DL  and  T021DL  -  T420DL.  The  overlays 
cover  the  4  sec  periods  of  elapsed  time  during  which  maximum  system  forces  occur.  Figures  4.29  and  4.30 
replot  the  overlays  for  simulations  E050DL  and  E150DL.  They  illustrate  the  repeatability  of  successively 
higher  intensity  simulations  and  the  relationship  among  VED  forces,  column  forces,  and  story  shears.  The 
portion  of  total  story  shear  that  is  borne  by  the  VEDs  is  constantly  changing.  The  phase  angle  that  exists 
between  VED  force  and  shear  deformation  causes  VED  force  to  peak  before  story  shear  peaks.  Column 
shear  peaks  after  story  shear  peaks.  There  are  instants  when  the  sum  of  the  horizontal  components  of  VED 
forces  is  algebraically  opposite  in  sign  to  the  story  shear. 

4.10  Relative  Floor  Velocities 


Viscous  damping  is  often  modeled  using  a  linear  viscous  damper,  or  “dashpot,”  in  which  damper 
force  is  the  product  of  a  viscous  damping  coefficient,  cd,  and  damper  excitation  velocity.  One  approach  to 
analyzing  the  contribution  of  a  VED  to  structural  response  involves  substituting  a  dashpot  and  spring  for 
the  VED  in  the  mathematical  model  of  a  structure  (Section  2.3).  It  is  therefore  helpful  to  examine  VED 
deformation  velocities.  Since  the  VEDs  are  mounted  in  diagonal  braces  in  the  structure,  their  deformation 
velocities  are  directly  related  to  the  relative  velocities  of  the  adjacent  floor  levels  through  the  geometry  of 
the  structure  at  each  story  level.  Relative  floor  velocities  were  derived  by  integrating  the  acceleration 
records  for  the  base  and  each  floor,  to  calculate  base  and  floor  velocities,  and  then  subtracting  the  velocities 
for  the  floor  level  immediately  below  the  floor  being  analyzed  from  the  velocities  for  that  floor.  For 
example,  to  derive  the  relative  velocity  of  floor  3  with  respect  to  floor  2,  the  velocity  of  floor  2  was 
subtracted  from  the  velocity  of  floor  3.  To  eliminate  the  tendency  for  the  integrated  velocity  values  to  drift 
from  zero  at  the  end  of  a  simulation,  tenth  order  curve  fits  of  the  acceleration  histories  were  subtracted 


54 


from  them  before  the  integration  was  performed.  This  procedure  in  effect  subtracted  the  “average”  of  each 
acceleration  record  from  itself,  removing  the  tendency  for  the  integrated  velocity  to  drift  from  a  zero 
baseline. 

Relative  floor  velocity  histories  for  all  simulations  are  provided  in  Figures  C.15.1  -  C.15.17. 

Figure  4.3 1  replots  the  relative  floor  velocities  for  simulations  E050DL  and  E150DL,  to  illustrate  the 
trends  found  in  the  testing.  Figure  4.32  plots  the  maximum  relative  floor  velocities  vs.  PGA  for 
simulations  E010DL  -  E250DL  and  T021DL  -  T420DL;  both  maxima  and  maxima  normalized  by  PGA 
are  presented.  Table  4. 14  lists  the  maximum  relative  floor  velocities,  and  maximum  relative  floor  velocities 
normalized  by  PGA,  for  each  floor  and  each  simulation. 

Figure  4.31  shows  good  repeatability  from  simulation  E050DL  to  simulation  E150DL,  reaffirming 
the  dominance  of  linearity  in  the  response;  the  figures  also  show  the  dominance  of  the  first  mode  of  the 
structure,  as  the  relative  velocities  for  all  floors  are  largely  mirror  images  of  one  another  in  any  given  test. 
The  figure  also  shows  that  there  are  significant  periods  of  low  relative  velocity. 

Figure  4.32  and  Table  4.14  show  that  the  normalized  relative  velocities  are  15%  -  25%  higher  in 
the  El  Centro  simulations  that  in  the  Taft  simulations.  There  is  also  a  general  tendency  for  the  normalized 
relative  velocities  to  increase  with  increasing  PGA  in  both  series.  This  is  more  pronounced  for  the  El 
Centro  simulations  than  for  the  Taft  simulations.  The  relative  velocity  of  floor  2  with  respect  to  floor  1  is 
20%  -  50%  higher  than  the  relative  velocity  of  floor  1  with  respect  to  the  base,  with  the  differential 
generally  increasing  with  PGA.  The  relative  velocity  of  floor  3  with  respect  to  floor  2  is  smaller  than  the 
other  two  relative  velocities. 

4.11  Dynamic  Characterizations  of  Model 

Several  types  of  low-level  dynamic  characterizations  were  performed  on  the  model.  These  tests 
were  used  to  determine  modal  frequencies  and  damping  ratios,  which  could  be  used  to  assess  structural 
deterioration  and  assist  with  analytical  modeling.  Several  specific  dynamic  characterization  tests  were 
performed,  including  low-level  white  noise  testing  and  pullback  testing  of  the  model  (see  Section  3.4). 

White  noise  tests  (WNTs)  were  conducted  often  during  the  research  program,  including  before  any 
earthquake  simulations  were  begun,  and  after  each  major  earthquake  simulation.  For  the  WNTs, 
acceleration-based  transfer  functions  were  calculated,  from  which  modal  frequencies  and  damping  ratios 
could  be  calculated.  Section  C.2.(k)  provides  background  on  the  derivation  and  use  of  these  transfer 
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functions  (TFs),  including  application  of  the  half-power  bandwidth  method  for  determining  the  modal 
damping  ratios.  Following  each  WNT,  from  which  the  model’s  first  mode  frequency  was  determined,  the 
shaking  table  was  used  to  excite  the  model  at  the  observed  first  mode  frequency,  at  a  low  acceleration 
amplitude.  After  an  approximately  resonant  condition  was  reached,  the  shaking  table  actuators  would  be 
stopped.  The  structure’s  decreasing  oscillations  could  then  be  used  to  calculate  the  first  mode  damping 
ratio  using  the  logarithmic  decrement  method.  The  final  dynamic  characterization  method  that  was  used 
was  a  “pullback”  test.  A  550  lb  static  lateral  force  was  applied  at  the  top  floor  level,  forcing  the  model  to 
displace  laterally.  The  displaced  shape  was  assumed  to  approximate  the  first  mode  shape  of  the  structure. 
The  weight  was  suddenly  released.  The  resulting  oscillating  motions,  and  their  decay,  could  be  used  to 
measure  the  first  mode  frequency  and  its  viscous  damping  coefficient  using  the  logarithmic  decrement 
method.  The  sinusoidal  and  pullback  tests  were  relatively  ineffective,  because  the  large  amount  of  damping 
imparted  by  the  VEDs  so  quickly  damped  out  the  low-level  free  oscillations.  Because  of  their  relative 
ineffectiveness,  those  tests  were  abandoned  early  in  the  program.  While  summary  data  on  those  methods 
are  provided  here,  they  are  not  discussed. 

In  addition  to  specific  dynamic  characterization  tests,  TFs  for  the  acceleration  records  and  Fourier 
Amplitude  Spectra  (FAS)  for  the  interstory  displacement  records  were  calculated  for  selected  earthquake 
simulations. 

Second  and  third  floor  TFs  for  all  major  earthquake  simulation  acceleration  histories  are  shown  in 
Figures  C.16.1  -  C.16.6.  FAS  of  the  interstory  displacement  records  for  all  major  earthquake  simulations 
are  shown  in  Figures  C.16.7  -  C.16.19.  Second  and  third  floor  TFs  for  all  WNTs  are  shown  in  Figures 
C.  16.20  -  C. 16.25.  Free  vibration  test  results  are  shown  in  Figure  C.16.26,  and  pullback  test  results  are 
shown  in  Figure  C.  16.27.  To  illustrate  the  trends  found  in  modal  characterizations,  Figure  4.33  plots  the 
third  floor  TFs  for  simulations  E050DL,  E150DL,  E050N,  and  E150N;  Figure  4.34  plots  first  mode 
frequency,  period,  and  damping  ratio,  as  a  function  of  PGA,  for  all  major  earthquake  simulations;  Figures 
4.35  and  4.36  plot  the  FAS  from  the  interstory  displacement  records  for  simulations  E050DL,  E150DL, 
E050N,  and  E150N;  and.  Figure  4.37  plots  the  third  floor  TFs  for  WNTs  that  were  conducted  in 
conjunction  with  simulations  E050DL,  E150DL,  E050N,  and  E150N.  Table  4. 15  lists  the  calculated 
modal  properties  based  on  the  third  floor  TFs  from  the  earthquake  simulations.  Table  4.16  lists  the 
calculated  modal  properties  based  on  the  second  and  third  floor  TFs  from  the  WNTs.  Tables  4. 17  and  4.18 
list  free  vibration  and  pullback  test  results. 
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(a)  Earthquake  Simulation-Based  Transfer  Functions 


For  the  simulations  with  VEDs  installed,  only  the  first  mode  is  clearly  discemable  in  the  TF  plots 
(Figure  4.33).  The  dynamic  amplification  from  the  base  to  the  third  floor  for  the  first  mode  is 
approximately  two.  Figure  4.33  shows  a  lowering  of  the  first  mode  frequency  from  simulation  E050DL  to 
simulation  E150DL.  Figure  4.34  summarizes  the  trends  found  over  the  series  of  simulations.  For  PGA  s 
0.25  g,  the  structure  responds  at  a  first  mode  frequency  of  approximately  2.9  Hz.  The  TFs  for  these 
simulations  are  quite  noisy,  as  the  measured  acceleration  signals  are  very  small  and  on  the  same  order  as 
the  electronic  noise  that  is  present.  For  the  mid-range  of  0.25  g  <  PGA  <  0.65  g,  the  first  mode  frequency 
exhibits  a  gradual  reduction  from  about  2.6  Hz  to  2.4  Hz.  At  PGA  >  0.85  g,  the  first  mode  frequency 
reduces  to  approximately  1.9  Hz.  El  Centro  and  Taft  frequencies  are  very  similar. 

The  approximate  nature  of  the  half-power  bandwidth  method  using  the  TFs  derived  from  the  data 
smoothing  process  inhibit  detailed  observations  about  the  first  mode  equivalent  viscous  damping  ratios. 
There  is  scatter  in  the  calculated  first  mode  damping  ratios,  but  they  average  about  38%  of  critical 
damping,  with  no  distinct  trend  with  respect  to  increasing  PGA.  El  Centro  and  Taft  damping  ratios  are 
very  similar. 

For  the  simulations  with  VEDs  removed.  Figure  4.33  shows  clearly  the  first  two  response  modes, 
while  a  third  mode  also  appears  to  be  discemable.  Figure  4.33  shows  clear  peaks  for  modes  one  and  two  in 
simulation  E050N.  In  simulation  E150N,  both  of  the  first  two  mode  frequencies  reduce  somewhat,  and 
their  dynamic  amplifications  have  also  reduced.  In  the  second  mode,  the  TF  bandwidth  broadens  and 
becomes  irregular,  with  lower  dynamic  amplification,  indicating  that  damage  has  occurred. 

Figure  4.34  and  Table  4.15  show  that,  for  simulations  E025N  -  E150N,  the  first  mode  frequency 
lowers  from  1.29  Hz  to  1.09  Hz,  indicating  stiffness  degradation  occurs.  For  simulation  E200N  (PGA  * 
0.98  g),  there  is  a  more  substantial  reduction,  to  0.76  Hz.  During  simulations  E025N  -  E150N,  the 
apparent  first  mode  viscous  damping  ratio  lowers  slightly,  from  approximately  8%  to  approximately  5%  of 
critical  damping.  The  damping  ratio  was  higher  for  simulation  E200N,  approximately  17%,  paralleling  the 
large  amount  of  inelastic  behavior  that  occurred  in  that  simulation. 

The  fidelity  of  the  TF  in  the  second  mode  bandwidth  after  simulation  E075N  is  poor,  inhibiting 
accurate  measurements.  The  measured  second  mode  frequency  in  simulations  E025N  -  E075N  reduces 
from  4.96  Hz  to  4.59  Hz;  after  simulation  E075N,  precise  measurement  is  difficult.  In  simulation  E200N, 
there  is  a  substantial  reduction,  to  3.48  Hz.  Damping  ratios  are  likewise  imprecise,  but  the  data  indicate 
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that  second  mode  damping  is  on  the  order  of  1-  4  %  of  critical  damping. 

Third  mode  frequency  changes  parallel  those  of  the  first  mode.  From  simulation  E025N  to 
simulation  E150N,  the  measured  third  mode  frequency  reduces  from  9.30  Hz  to  7.83  Hz.  In  simulation 
E200N,  the  third  mode  frequency  drops  substantially,  to  5.04  Hz.  Third  mode  damping  is  approximately  1 
-2%  of  critical  damping.  The  TF  bandwidth  is  broad,  and  dynamic  amplification  is  small,  making 
damping  measurements  imprecise. 

(b)  Interstorv  Displacement-Based  Fourier  Amplitude  Spectra 

Fourier  amplitude  spectra  (FAS)  of  the  interstory  displacements  in  each  earthquake  simulation 
were  calculated,  corroborating  the  acceleration-based  TF  calculations. 

FAS  for  simulations  with  VEDs  installed  indicate  that  most  of  the  energy  in  the  structure  is  banded 
over  the  frequency  range  of  1  -  4  Hz  (Figure  4.35).  In  simulations  E200DL,  E250DL,  and  T420DL,  the 
banding  narrows  to  a  range  of  1  -  3  Hz.  Peak  Fourier  amplitudes  occur  at  frequencies  of  2.0  -  2.5  Hz  in 
simulations  E010DL  -  E150DL  and  2.0  -  2.75  Hz  in  simulations  T021DL  -  T315DL.  In  simulations 
E200DL,  E250DL,  and  T420DL,  the  2.0  Hz  peak  becomes  more  pronounced,  indicating  some  softening  of 
the  structure  occurs. 

FAS  of  simulations  E025N  -  E200N  (Figure  4.36)  clearly  delineated  first  mode  peaks.  The  peak 
occurs  at  approximately  1.50  Hz  in  simulation  E025N,  1.10  Hz  in  simulations  E050N  -  E100N,  1.05  Hz  in 
simulations  E125N  and  E150N,  and  0.80  Hz  in  simulation  E200N.  The  lowering  of  the  first  modal 
frequency  indicates  deterioration  of  the  model  occurs. 

(c)  White  Noise  Test-Based  Transfer  Functions 

An  initial  WNT  evaluated  the  model  with  steel  inserts  replacing  the  VEDs  in  all  braces.  The 
inserts  were  fabricated  of  the  same  double-angle  sections  used  for  the  braces.  While  the  steel  inserts  were 
not  used  for  the  earthquake  simulations,  the  dynamic  characteristics  of  the  model  in  this  configuration 
could  be  used  to  develop  an  analytical  model  of  the  structure  with  braces  added  for  stiffening,  but  with  no 
increased  damping  in  the  structure  (one  alternative  to  adding  supplemental  damping  in  an  actual  application 
is  such  stiffening).  This  WNT  indicated  that  the  first  mode  dominated  the  structural  response,  with  a 
modal  frequency  of  8.38  Hz.  First  mode  damping  was  calculated  as  3.9%  of  critical  damping. 
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For  the  simulations  with  VEDs  installed,  the  response  is  dominated  by  the  first  mode  of  the  model. 
There  is  no  clear  evidence  of  the  second  or  third  modes.  The  WNTs  show  a  generally  decreasing  first  mode 
frequency  with  successively  higher  input  motion  intensities.  First  mode  damping  ratios  are  inconsistent, 
but  they  are  typically  under  30%.  Since  all  of  the  WNTs  were  conducted  at  low  input  acceleration 
amplitudes,  the  TFs  from  the  WNTs  with  the  VEDs  installed,  with  their  relatively  small  dynamic 
amplification  of  about  two  at  the  third  floor  level,  were  often  dominated  by  electronic  noise,  making 
detailed  interpretation  difficult.  Figure  4.37  shows  the  WNT-based  third  floor  TFs  for  simulations  E050N 
and  E150N.  Table  4.16  lists  the  modal  properties  that  were  determined  in  the  WNTs. 

Prior  to  commencing  seismic  simulations,  with  no  VEDs  or  steel  braces  installed  on  the  model, 
WNTs  showed  a  first  mode  frequency  of  1 .88  Hz.  Following  completion  of  all  simulations  with  VEDs 
installed  and  removal  of  the  VEDs,  the  first  mode  frequency  as  measured  by  the  WNTs  dropped  to  1.63 
Hz.  Since  frequency  is  a  function  of  the  square  root  of  the  stiffness,  this  drop  indicates  a  stiffness 
reduction  of  approximately  23%.  Damping  measured  by  the  WNTs  had  increased  from  6.7%  of  critical  to 
7.7%  of  critical  damping.  The  increased  damping  and  reduced  first  mode  frequency  indicate  some  damage 
had  occurred  in  the  model  during  the  tests  with  VEDs  installed.  The  observed  second  and  third  mode 
frequencies  as  measured  by  the  WNTs  also  decreased  somewhat  from  the  baseline  condition  to  the 
condition  found  immediately  before  simulation  E025N.  During  simulations  E025N  -  E150N,  WNTs  show 
a  general  reduction  in  first  mode  frequency,  from  1.63  Hz  to  1.41  Hz.  The  second  and  third  mode 
frequencies  also  decrease,  from  5.63  Hz  to  5.03  Hz  and  9.88  Hz  to  9.25  Hz,  respectively.  The  first  mode 
damping  ratio  measured  at  the  third  story  level  remains  relatively  stable,  at  approximately  7%  -  9%  of 
critical  damping,  through  the  WNT  following  simulation  E125N.  The  half-power  bandwidth  method  for 
calculating  damping  is  less  sensitive  to  bandwidth  and  amplification  precision  for  higher  frequencies,  so  the 
damping  ratios  for  the  second  and  third  modes  do  not  change  significantly.  Dynamic  amplification  for  the 
first  mode  frequency  decreases  in  successive  tests,  until  the  test  following  simulation  E150N.  The  decrease 
is  more  pronounced  on  the  second  floor  level  than  it  is  on  the  first  floor  level. 

4.12  Reinforcement  Strains 


Several  reinforcing  bars  in  the  model  were  instrumented  with  strain  gages.  Column  bar  gages  were 
located  in  bar  lap  splice  and  potential  yield  regions  in  the  first  two  stories.  First  floor  slab  reinforcement 
gages  were  placed  near  the  column  lines  to  assist  in  determining  the  effective  slab  width  for  flexural 
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calculations.  Figures  B.9  -  B.12  show  active  gage  locations.  Figures  C.18.1  -  C.23.12  plot  strains  for 
active  gages.  Tables  4.19  -  4.27  list  maximum  and  residual  reinforcement  strains  for  each  simulation.  In 
each  table,  the  approximate  yield  strains  (f/E)  for  the  reinforcing  bars  are  also  listed,  and  strains  above 
yield  are  highlighted  in  bold  font.  Gravity  load-based  strains  have  been  subtracted  from  each  record.  Each 
strain  gage  channel  was  set  to  zero  strain  before  each  simulation,  so  accumulated  residual  strains  are  not 
included  in  the  dynamic  strains.  This  section  summarizes  significant  observations  from  the  strain  gage 
data. 


(a)  Column  Reinforcement 

Two  gages,  SGZ1  and  SGZ4,  were  located  on  reinforcing  bars  at  the  base  of  the  model.  SGZ1  was 
in  the  NW  column,  and  SGZ4  was  located  in  the  west  centerline  column.  In  the  NW  column  gage,  tensile 
yielding  occurs  in  simulations  E125DL  -  E200DL,  T3 15DL,  and  E150N  -  E200N.  In  the  centerline 
column,  the  gage  shows  elastic  behavior  for  all  simulations  but  E200N.  The  strain  records  also  indicate 
that  bar  slip  occurs  in  the  column  bases. 

Two  gages,  S1Z1  and  S1Z3,  were  located  on  reinforcing  bars  directly  below  the  first  floor  slab. 
S1Z1  was  located  in  the  NW  column.  S1Z3  was  located  in  the  west  centerline  column.  In  the  NW  column 
gage,  tensile  strains  remain  below  yield,  but  compressive  strains  increase  significantly  in  simulations 
T315DL,  E200DL,  and  T420DL,  reaching  yield  in  simulation  E200DL.  In  the  centerline  column  gage, 
tensile  strains  are  below  yield,  while  compressive  yield  strain  is  exceeded  in  simulations  E200DL,  T420DL, 
and  E050N  and  higher. 

Four  gages,  S1Z5,  S1Z6,  S1Z7,  and  SJZ8,  were  located  at  the  bases  of  the  second  story  columns. 

S 1Z5  was  on  the  outside  middle  reinforcing  bar  in  the  NW  column.  S 1Z6  was  located  on  the  inside  middle 
reinforcing  bar  in  the  NW  column.  S1Z7  was  located  on  one  of  the  north  face  reinforcing  bars  in  the  west 
centerline  column.  S 1Z8  was  located  on  one  of  the  south  face  reinforcing  bars  in  the  west  centerline 
column.  Compressive  strains  in  gage  S 1Z5  grow  faster  than  input  motion  intensity,  and  compressive  yield 
strain  is  reached  in  simulations  E150N  and  E200N.  Peak  tensile  strains  remain  below  yield.  In  gage 
S1Z6,  compressive  yield  strains  are  reached  in  simulations  E125N  -  E200N.  Tensile  strains  measured  by 
both  S1Z5  and  S1Z6  indicate  that  slip  occurred  with  higher  input  motion  intensities.  At  the  centerline, 
gage  S1Z7  registers  no  yielding.  In  simulations  E100N  -  E200N,  tensile  slip  increasingly  occurs,  and  the 
strain  histories  become  increasingly  dominated  by  compression.  Maximum  strains  drop  from  simulation 


60 


E150DL  to  E200DL  and  from  simulation  T315DL  to  T420DL.  Strains  measured  by  gage  S1Z8  are  on  the 
same  order  as  those  measured  by  gage  S 1Z7,  except  that  compressive  yield  is  slightly  exceed  in  simulation 
E200N.  Higher  frequency  signals  indicate  that  bar  slip  occurred. 

Two  gages,  S2Z2  and  S2Z3,  were  located  directly  below  the  second  floor  slab.  S2Z2  was  located 
on  an  inside  middle  reinforcing  bar  in  the  NW  column.  Strains  measured  by  gage  S2Z2  exceeded  yield  in 
simulations  E075DL  -  T420DL  and  E050N  -  E100N.  The  gage  did  not  function  for  simulations  E125N  - 
E200N.  S2Z3  was  located  on  one  of  the  north  face  reinforcing  bars  in  the  west  centerline  column.  Strains 
measured  by  S2Z3  exceeded  yield  in  simulations  E200DL  and  E125N  -  E200N. 

(b)  Slab  Reinforcement 

All  slab  reinforcement  gages  were  located  on  bars  in  the  top  layer  of  longitudinal  reinforcement. 
Gages  S1X5,  S1X14,  and  S1X1 6  are  on  first  floor  slab  reinforcing  bars  on  the  north  side  of  the  west 
centerline  column  (Figures  B.9  and  B.  1 1).  S 1X5  is  in  the  slab  “column  strip.”  Measured  strains  do  not 
exceed  yield.  In  simulations  E075DL  -  T315DL  and  E025N  -  E200N,  maximum  strains  are  constant.  In 
simulations  E200DL  and  T420DL,  strains  reduce  markedly  from  previous  maxima.  S1X14  is 
approximately  A-Vi"  east  of  gage  S1X5,  but  still  in  the  slab  “column  strip.”  Commencing  in  simulations 
E100DL  and  T210DL,  peak  tensile  strains  significantly  exceed  those  of  gage  S1X5.  In  simulations  E025N 
-  E125N,  strains  are  dominated  by  tension.  Tensile  strains  are  ten  times  those  found  in  gage  S1X5. 

Tensile  yield  strain  is  exceeded  in  simulations  E200DL,  T420DL,  and  E075N  -  E200N.  S 1X16  is 
approximately  24-14"  east  of  gage  S1X5,  in  the  slab  “middle  strip.”  Measured  strains  remained  below 
yield  in  all  simulations  and  were  significantly  lower  than  the  strains  measured  at  gages  S1X14  and  S1X15. 
In  simulations  E200DL  and  T420DL,  compressive  strains  increase  significantly,  while  tensile  strains  are 
approximately  the  same  as  those  of  simulations  E150DL  and  T315DL. 

Gages  S1X11,  S1X12,  and  S1X1 3  are  on  reinforcing  bars  in  the  first  floor  slab  adjacent  to  the  NW 
column  (Figures  B.9  and  B.  10).  S 1X1 1  is  located  within  the  spandrel  beam  width,  in  the  slab  “column 
strip.”  Measured  strains  remained  below  yield.  S 1X12  is  located  approximately  7-14"  east  of  gage  S 1X1 1, 
at  the  interface  of  the  slab  and  the  spandrel  beam,  still  in  the  slab  “column  strip.”  Measured  strains 
increasingly  exceeded  yield  in  simulations  E075DL  -  T420DL  and  E050N  -  E200N.  S1X13  is 
approximately  17-14"  east  of  gage  S 1X1 1,  at  the  interface  of  the  slab  and  the  spandrel  beam,  and  in  the 
slab  “middle  strip.”  Tensile  strains  are  consistently  small,  while  compressive  strains  are  significantly 
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larger.  Measured  strains  remained  below  yield. 


4.13  Observed  Condition  of  Structure 

Researchers  mapped  surface  cracking  of  the  model  several  times  during  the  testing  series.  The 
surface  condition  of  the  concrete  supplements  the  acquired  data  in  assessing  the  performance  of  the 
structure.  Figures  4.38  -  4.67  map  the  progression  of  cracks  and  spalled  areas  at  three  different  times: 
prior  to  testing,  following  simulation  T420DL,  and  following  simulation  E200N.  Figures  4.68  -  4.86  are 
photographs  of  key  locations  on  the  model  following  simulation  E200N.  Permanent  ink  markers  were  used 
to  mark  the  cracks,  so  the  crack  widths  in  the  photographs  are  not  as  large  as  they  appear. 

Figures  4.38  -  4.47  map  the  crack  patterns  on  the  model  prior  to  any  earthquake  simulations. 

These  figures  document  damage  that  accrued  when  a  spurious  horizontal  actuator  motion  occurred  during 
initial  system  checkout,  causing  a  brief  yawing  oscillation  of  the  shaking  table.  No  data  acquisition 
channels  were  operating  at  the  time,  so  the  observed  pretest  crack  patterns  in  the  figures  offer  the  only 
definitive  information  that  is  available  concerning  the  effects  of  the  yawing  motions  on  the  model.  The 
columns  sustained  hairline  flexural  cracking  in  many  locations.  Cracks  largely  seemed  to  overlay  locations 
of  reinforcing  ties,  where  concrete  cover  is  thinnest.  Exterior  slab-column  joints  sustained  numerous 
hairline  cracks  on  all  floor  levels.  Those  cracks  appear  to  be  extensions  of  ctX-shaped  torsional  cracks 
that  occurred  in  the  spandrel  beams  at  their  interfaces  with  the  columns.  The  torsional  crack  pattern  in  the 
spandrels  closely  paralleled  their  stirrup  spacing.  All  three  floor  slabs  sustained  hairline  cracks.  The 
cracking  was  most  severe  on  the  first  floor  slab,  followed  in  severity  by  the  second  and  third  floor  slabs, 
respectively.  The  cracks  were  more  severe  on  slab  bottom  surfaces  than  on  slab  top  surfaces.  Numerous 
flexural  (east-west)  cracks  were  present  from  midspan  to  the  outside  column  line,  in  each  span.  On  each 
floor,  particularly  floors  one  and  two,  the  yawing  motions  created  almost  circular  cracks  in  each  comer  of 
the  floor  slab.  On  the  slab  top  surfaces,  a  small  number  of  longitudinal  (north-south)  hairline  cracks 
extended  along  varying  lengths  of  the  slab  surfaces.  These  cracks  fell  in  planes  of  weakness  that  were 
created  by  the  lines  of  holes  in  the  slabs  that  were  used  to  secure  the  lead  weights  to  the  model.  On  floors 
one  and  two,  hairline  cracks  extended  radially  in  the  slab  top  surfaces  from  the  centerline  columns. 

Figures  4.48  -  4.57  map  the  crack  patterns  on  the  model  following  the  completion  of  simulation 
T420DL.  These  figures  document  the  extension  of  damage  during  the  entire  sequence  of  simulations  with 
VEDs  installed  on  the  model.  Comparing  these  figures  with  Figures  4.38  -  4.47  shows  that  very  little 
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added  surface  damage  occurred  during  the  sequence.  The  various  cracking  mechanisms  extended  only 
slightly.  The  most  notable  change  occurred  during  simulations  E200DL  and  T420DL,  when  the  torsional 
cracks  in  the  spandrel  beams  opened  up  and  extended  slightly. 

During  simulations  E025N  -  E200N,  several  significant  changes  in  the  damage  state  were  noted. 
In  simulation  E075N,  a  number  of  hairline  flexural  cracks  appeared  at  the  base  of  the  first  floor  west 
centerline  column.  In  simulations  E100N  and  following,  torsional  cracking  in  the  spandrel  beams  on  floor 
one  continued  extending  and  opening.  In  simulations  E125N  and  following,  torsional  cracking  in  the 
spandrel  beams  on  floor  two  continued  extending  and  opening.  Commencing  in  simulation  E150N,  large 
joint  rotations  in  the  model  forced  the  centerline  column  collars  to  strike  the  bottom  surface  of  the  slab, 
causing  spalling  of  the  slab  concrete.  Throughout  the  series  of  simulations,  slab  flexural  cracking 
continued  to  extend.  Figures  4.58  -  4.67  map  the  crack  patterns  on  the  model  following  the  completion  of 
simulation  E200N.  These  figures  document  the  final  condition  of  the  model. 

Figures  4.68  -  4.86  are  photographs  of  various  locations  on  the  model  following  simulation 
E200N.  The  most  severe  damage  occurred  in  the  exterior  slab-column  joint  regions  on  floors  two  and 
three.  The  torsional  cracks  in  the  spandrel-column  interfaces  opened  substantially.  On  the  third  floor,  the 
torsional  cracking  in  all  four  exterior  slab-column  joints  caused  spalling  of  the  concrete  cover.  This  is 
sketched  in  Figures  4.58  -  4.67  and  shown  in  photographs  in  Figures  4.68  -  4.72.  Second  floor  joint 
damage  was  almost  as  severe,  as  illustrated  in  Figures  4.73  -  4.79.  At  the  first  floor  level,  torsional  cracks 
in  the  spandrels  also  opened  substantially,  although  the  damage  was  not  as  severe  as  on  the  upper  two 
floors  (Figure  4.80).  Figure  4.81  shows  the  damage  that  occurred  in  one  of  the  first  floor  slab-column 
joints.  A  crack  initiated  at  the  hole  that  was  drilled  into  the  spandrel  beam  to  assist  in  load  transfer  from 
the  VED  brace  collar.  This  damage  was  seen  at  all  four  exterior  first  floor  slab-column  joints  (the  detail 
was  not  used  on  the  upper  two  floors).  Figure  4.81  illustrates  the  spalling  that  occurred  on  the  bottom  of 
the  third  floor  slab  in  the  centerline  slab-column  joints.  Figures  4.83  -  4.86  show  some  of  the  slab  damage 
that  occurred,  particularly  the  extension  of  radial  cracks  from  the  centerline  columns.  On  all  three  floors, 
slab  cracking  was  much  more  substantial  by  the  end  of  the  testing.  Flexural  cracks  that  had  occurred  on 
the  bottoms  of  the  first  and  second  floor  slabs  earlier  had  extended  further;  some  had  extended  the  full  slab 
width.  On  the  first  and  second  floors,  numerous  new  flexural  cracks  on  the  bottoms  of  the  slabs  appeared, 
and  some  flexural  cracks  appeared  on  the  bottom  of  the  third  floor  slab.  On  the  first  and  third  floors, 
cracking  on  the  bottoms  of  the  slabs  was  largely  located  in  the  regions  from  mid-span  to  the  exterior 
column  lines.  On  the  second  floor  slab,  cracking  of  the  slab  bottom  was  more  extensive  and  included 
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cracks  in  the  centerline  column  region.  Also  on  the  bottom  of  the  second  floor  slab,  some  radial  cracking 
extended  outward  from  the  centerline  columns.  On  the  tops  of  the  slabs,  existing  radial  cracks  extending 
from  the  first  and  second  floor  centerline  columns  grew,  and  others  formed.  Flexural  cracks  along  the 
center  east-west  column  line  appeared  on  the  tops  of  the  first  and  second  floor  slabs,  with  more  extensive 
cracking  occurring  on  the  second  floor.  Longitudinal  cracks  ran  the  entire  length  of  the  top  of  each  floor 
slab,  on  each  side  of  each  column  line.  As  mentioned  earlier,  these  cracks  tended  to  follow  the  bolt  holes  in 
the  slab  that  were  used  to  attach  the  weights  for  the  model. 
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CHAPTER  5 

DISCUSSION  OF  OBSERVED  RESPONSE 


This  chapter  discusses  the  behavior  of  the  model  during  the  testing  program.  Discussions  follow 
the  sequence  used  in  Chapter  4.  The  response  of  the  structure  during  the  earthquake  simulations  is 
reviewed  in  terms  of  floor  accelerations,  relative  and  interstory  displacements,  story  shears,  load- 
displacement  hysteretic  behavior,  overturning  moments  (OTMs),  viscoelastic  damper  (VED)  performance, 
relative  floor  velocities,  and  energy  input  and  dissipation.  Variations  in  the  dynamic  properties  of  the 
model  are  examined,  emphasizing  changes  in  vibration  periods,  structural  stiffnesses,  equivalent  viscous 
damping,  mode  shapes.  Next,  reinforcement  strains  are  examined.  Finally,  a  general  summary  of  the 
response  of  the  model  is  provided,  combining  visual  observations  about  the  surface  cracking  patterns  with 
the  major  trends  noted  in  the  test  data.  This  chapter  provides  a  basis  for  analytical  modeling  assumptions 
for  both  the  slab-column  structure  and  the  supplemental  VEDs.  In  addition,  some  practical  observations 
concerning  the  application  of  VEDs  in  seismic  retrofit  for  existing  concrete  buildings  are  made. 

5.1  Floor  Accelerations 


Section  4.1  presents  floor  acceleration  data.  Maximum  floor  accelerations  on  the  lower  two  floors 
of  the  test  model  are  similar  for  both  simulations  with  VEDs  installed  and  simulations  with  VEDs  removed, 
for  similar  PGAs  (Figure  4.4).  On  the  third  floor  level,  maximum  floor  accelerations  in  simulations  with 
VEDs  removed  fall  below  those  of  simulations  with  VEDs  installed. 

For  the  two  series  of  simulations  with  VEDs  installed,  El  Centro  responses  are  generally  higher 
than  Taft  responses  for  the  same  PGAs.  Maximum  floor  accelerations  of  the  three  floor  levels  generally 
increase  with  height  above  the  base.  On  all  three  floors,  the  maximum  normalized  acceleration  varies 
inconsistently  (±  15%)  in  simulations  E010DL  -  T315DL,  and  then  reduces  significantly  in  simulations 
E200DL  and  T420DL. 

While  the  structural  system  is  somewhat  nonlinear,  the  high  degree  of  damping  that  is  induced  by 
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the  VEDs  is  sufficiently  influential  in  the  structural  response  to  permit  the  use  of  elastic  response  spectra  to 
make  general  observations  about  its  behavior.  The  earthquake  simulation-based  transfer  functions  (TFs), 
described  in  Section  4.11  .(a),  show  a  strong  first  mode  dominance  in  the  tests  with  VEDs  installed,  with 
three  ranges  of  first  mode  periods  for  the  model:  0.35  sec  (E010DL  -  T105DL),  0.40  sec  (E100DL  - 
T3 15DL),  and  0.50  sec  (E200DL  -  E250DL).  For  a  viscous  damping  ratio  of  30%,  approximately  that 
which  was  observed,  the  compressed  El  Centro  ground  acceleration  record  has  peak  spectral  accelerations 
(PSAs)  of  approximately  0.39  g,  0.32  g,  and  0.20  g  for  the  three  period  ranges  (Figure  3.1).  For  the 
compressed  Taft  record,  corresponding  30%  damped  PSAs  are  approximately  0.34  g,  0.30  g,  and  0.26  g 
(Figure  3.8)  when  its  PSAs  are  multiplied  by  2.1  to  equilibrate  Housner  intensities.  The  relative 
magnitudes  of  the  El  Centro  and  Taft  PSAs  reverse  in  the  long  period  region.  Both  records  have  reduced 
PSAs  with  increasing  structural  period.  Normalized  maximum  floor  accelerations  do  not  reduce  as  sharply 
with  increased  PGA  as  the  corresponding  PSAs. 

This  apparent  discrepancy  is  believed  to  be  largely  due  to  the  VED  properties.  Equations  2.21  and 
2.22  show  that,  for  a  constant  excitation  frequency,  stiffness  and  damping  properties  of  the  VEDs  are 
approximately  proportional  to  the  shear  storage  modulus,  G  which  varies  inversely  with  the  shear  strain 
of  the  VED  (Appendix  D).  The  effective  stiffness  and  damping  contributions  of  the  VEDs  will  both  reduce 
at  the  larger  strains  that  accompany  higher  PGAs.  A  lower  damping  ratio  for  the  model,  which  would 
result  from  lower  damping  contributions  from  the  VEDs,  will  increase  the  PSA.  A  lower  model  stiffness, 
which  would  result  from  lower  VED  stiffness  as  well  as  structural  degradation,  will  decrease  PSAs.  The 
lower  damping  and  lower  stiffness  will  therefore  have  offsetting  effects  on  PSA.  The  net  result  is  that  PSA 
does  not  reduce  as  much  as  it  would  if  the  stiffness  lowered  while  the  damping  remained  constant. 

The  floor  acceleration  records  (E.G.  Figure  4.2)  show  that  floor  accelerations  in  simulations 
E025N  -  E200N  are  influenced  by  the  model’s  second  mode  period  of  about  0.2  sec.  The  participation  of 
the  second  mode  in  the  response  with  VEDs  removed  increases  maximum  accelerations  to  higher  levels 
than  would  occur  with  strictly  first  mode  response. 

5.2  Displacements 

Section  4.2  presents  trends  that  were  observed  in  the  relative  story  displacements,  while  Section 

4.3  presents  trends  that  were  observed  in  the  interstory  displacement  data.  Since  relative  displacements  are 
aggregations  of  the  interstory  displacements,  examination  of  the  interstory  displacements  provides  a  more 
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meaningful  perspective  and  will  be  used  here. 

Maximum  displacements  provide  important  indications  concerning  serviceability  for  a  structural 
system.  As  noted  in  Section  4.3,  current  model  building  code  provisions  restrict  maximum  interstory  drifts 
to  1.5%  -  2.0%,  for  life  safety.  Reference  30  indicates  structural  damage  is  likely  with  drift  ratios  as  low 
as  0.7%.  With  VEDs  installed,  the  model  sustained  simulations  E075DL  and  T157DL  (PGA  *  0.31  g), 
with  interstory  drifts  of  less  than  0.6%  (Table  4.3).  The  model  also  sustained  simulations  E150DL  (PGA 
=  0.55  g)  and  T3 15DL  (PGA  =  0.63  g)  with  interstory  drifts  under  1 .3%.  Following  removal  of  the  VEDs, 
the  model  reached  0.87%  interstory  drift  in  the  second  story  in  event  E050N  (PGA  =  0.21  g),  and  it 
reached  1.76%  interstory  drift  in  the  second  story  in  event  E100N  (PGA  =  0.41  g).  The  VEDs  reduced 
displacements,  significantly  improving  serviceability. 

The  interstory  displacement  histories  (E.G.  Figure  4.9)  and  the  earthquake  simulation-based  TFs 
show  first  mode  dominance  for  all  simulations  with  VEDs  installed.  This  provides  evidence  that,  for  low- 
rise  structures,  design  efforts  for  VEDs  may  focus  on  first  mode  response. 

For  the  simulations  with  VEDs  installed,  only  minor  differences  between  the  El  Centro  and  Taft 
responses  exist.  The  interstory  displacements  of  the  stories  differ,  with  the  largest  interstory  displacements 
occurring  in  the  second  story.  Normalized  interstory  displacements  for  simulations  E010DL  -  T420DL 
increase  by  70%  -  90%  over  the  series,  in  all  stories. 

To  interpret  the  observed  displacement  increase  with  higher  PGA,  it  is  again  instructive  to  examine 
the  elastic  response  spectra  (Figures  3.1  and  3.8).  The  earthquake  simulation-based  transfer  functions 
(TFs),  described  in  Section  4.11  .(a),  show  strong  first  mode  dominance  in  the  tests  with  VEDs  installed, 
with  three  ranges  of  first  mode  periods  for  the  model:  0.35  sec  (E010DL  -  T105DL),  0.40  sec  (E100DL  - 
T315DL),  and  0.50  sec  (E200DL  -  E250DL).  If  the  stiffness,  mass,  and  damping  properties  of  the 
structure  remained  exactly  the  same,  one  would  expect  the  normalized  displacements  to  remain  constant  at 
each  floor  level  with  increasing  PGA.  However,  the  gradually  lengthening  period  indicates  that  stiffness 
lowered,  given  that  the  mass  of  the  model  is  constant.  With  T  «  1/yf. K,  the  stiffness  of  the  model  in 
simulations  E150DL  and  T3 15DL  is  about  73%  of  the  stiffness  in  simulations  E010DL  and  T021DL.  The 
spectral  displacements  in  the  linear  response  spectra  for  the  two  earthquakes  indicate  an  increase  of  10%  - 
20%  in  normalized  displacements  for  linear  systems  for  this  increase  in  first  mode  period  is  expected,  for  a 
constant  viscous  damping  ratio  of  30%  (approximately  what  was  measured  in  the  model).  An  increase  in 
spectral  displacement  of  the  magnitude  that  was  actually  measured  (70%  -  90%)  corresponds  to  an  increase 
in  first  mode  period  to  approximately  0.80  sec,  which  would  indicate  a  90%  stiffness  decrease  occurred. 
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While  the  observed  behavior  is  nonlinear,  so  that  elastic  response  spectra  cannot  be  strictly 
applied,  the  high  damping  again  allows  them  to  be  used  for  general  observation.  The  difference  between 
the  observed  growth  in  normalized  maximum  displacements  and  the  growth  in  elastic  spectral 
displacements  is  believed  largely  due  to  the  strain  sensitivity  of  the  VEDs.  The  observed  first  mode  periods 
are  based  on  TFs  for  the  complete  acceleration  histories,  so  they  represent  “average”  values.  The 
displacement  (and  resulting  VED  strain)  histories  associated  with  those  averages  are  dominated  by  small 
displacements.  The  maximum  displacements  of  the  model  occur  only  during  very  small  segments  of  each 
simulation.  The  structural  properties  of  the  model  during  the  times  of  maximum  displacement,  and  not  the 
average  properties,  must  be  considered  to  explain  the  observed  increased  normalized  displacements. 

The  stiffness  and  damping  properties  of  the  VEDs  are  both  approximately  proportional  to  the  shear 
storage  modulus,  which  is  inversely  proportional  to  the  VED  shear  strain.  Using  unpublished  3M  data  on 
the  properties  of  its  ISD 110  polymer,  a  displacement  increase  of  approximately  25  times  (roughly  that 
observed  over  the  series  of  simulations)  will  result  in  about  a  60%  reduction  in  both  the  stiffness  and 
damping  properties  of  the  VEDs.  Stiffiiess  and  damping  reductions  will  both  contribute  to  increased 
normalized  displacement.  The  observed  normalized  displacement  increases  are  therefore  not  solely  due  to 
spectral  shifts. 

In  the  series  of  simulations  with  VEDs  removed,  the  interstory  displacements  of  the  three  floor 
levels  differ,  but  normalized  displacements  increase  with  increased  PGA  at  all  levels.  As  noted  in  Section 
4.3,  the  interstory  displacement  histories  indicate  discemable  changes  occurred  during  simulations  E125N, 
E150N,  and  E200N.  The  significantly  higher  increase  in  the  third  story  displacement  in  simulation  E150N 
is  likely  due  to  damage  in  the  spandrel  beams  on  the  second  and  third  floor  levels. 

The  interstory  displacement  histories  (E.G.  Figure  4.10)  and  the  earthquake  simulation-based  TFs 
for  simulations  E025N  -  E200N  indicate  second  mode  influence  is  present  in  the  response.  While  the  first 
mode  dominates,  there  are  smaller  cyclic  oscillations  that  are  most  obvious  in  the  first  and  third  story 
responses.  This  behavior  has  a  frequency  of  approximately  5.0  Hz,  corresponding  to  the  measured  second 
mode  frequency.  The  higher  mode  first  and  third  floor  oscillations  also  appear  to  be  of  opposite  phase, 
which  would  be  expected  for  the  second  mode  response.  The  second  mode  influence  on  displacement  is  not 
as  significant  as  it  is  on  acceleration. 
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5.3  Story  Shears 


Normalized  maximum  story  shears  (Figure  4.16)  for  simulations  E010DL  -  T420DL  follow  the 
same  relative  trends  as  noted  above  for  the  maximum  normalized  floor  accelerations.  Normalized  story 
shears  are  almost  level  through  simulation  T315DL,  before  falling  10%  -  20%  in  simulations  E200DL  and 
T420DL.  With  response  heavily  dominated  by  the  first  mode,  maximum  story  shears  in  the  simulations 
with  VEDs  are  essentially  summations  of  the  products  of  the  maximum  floor  accelerations  and  their 
respective  story  masses. 

In  simulations  E025N  -  E200N,  the  second  mode  affects  floor  accelerations.  Maximum  story 
shears  for  stories  one  and  two  are  not  equal  to  summations  of  the  products  of  maximum  floor  accelerations 
and  respective  story  masses,  because  the  maximum  floor  accelerations  at  the  three  floor  levels  do  not  occur 
simultaneously.  While  maximum  third  story  shears  in  simulations  E025N  -  E200N  are  approximately 
equal  to  third  story  shears  in  simulations  E010DL  -  T420DL,  the  first  and  second  story  shears  are 
approximately  half  those  in  corresponding  simulations  with  VEDs  installed.  Consistent  with  the  floor 
accelerations  in  simulations  E025N  -  E150N,  maximum  normalized  story  shears  increase  slightly  with 
increased  input  motion  intensity,  before  falling  substantially  in  simulation  E200N  (Figure  4.16). 

5.4  Story  Shear  vs.  Interstorv  Displacement:  Hvsteretic  Behavior 

For  simulations  E010DL  -  T420DL,  the  story  shear  vs.  interstory  displacement  plots  reveal  good 
energy  dissipation  in  each  story,  with  only  minor  stiffness  degradation  (e.g.  Figure  4. 17).  Hysteresis  loops 
are  broad  and  of  relatively  uniform  slope.  In  each  simulation,  there  are  three  or  four  significant  excursions, 
corresponding  to  maximum  displacements,  with  other  loops  being  closely  spaced  and  considerably  smaller. 

Reinforced  concrete  (RC)  structures  behave  inelastically  under  large  displacement  cyclic  loading. 
With  increased  displacement,  an  RC  structure’s  stiffness  lowers  and  its  response  period  lengthens.  Under 
cyclic  loading,  RC  structure  load-displacement  hystereses  commonly  pass  through  or  very  near  the  origin 
during  load  reversals,  with  little  energy  dissipation.  The  opening  and  closing  of  cracks,  and  reinforcing  bar 
slip,  often  lead  to  “pinching”  of  the  hysteresis  loops,  in  which  the  slope  of  the  load-displacement  curve  is 
low  as  it  passes  near  the  origin  but  becomes  higher  as  displacements  reach  new  maxima.  The  increased 
slope,  or  stiffness,  is  due  to  re-engagement  of  reinforcement  and  uncracked  surfaces  as  displacement 
reaches  a  magnitude  that  has  not  previously  occurred. 
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Comparing  the  story  and  column  shears  vs.  interstory  displacement  (Figure  5.1)  for  simulation 
E100DL  provides  some  insight  into  the  RC  behavior  in  the  model  while  VEDs  were  installed.  As 
evidenced  by  the  column  shear  hystereses,  only  minimal  energy  dissipation  occurs  in  the  RC.  The  areas  of 
the  column  shear  hysteresis  loops  are  small,  with  cyclic  reversals  passing  through  or  very  close  to  the 
origin.  In  each  story,  a  single  displacement  cycle  encompasses  a  single,  larger  loop.  Such  behavior  is 
followed  by  lower  stiffness,  as  evidenced  by  the  overall  slope  of  the  plot,  in  the  following  displacement 
cycles  and  on  the  subsequent  simulation.  Evidence  of  stiffening  effects  that  are  associated  with  pinching  is 
notable  in  the  single  large  loop.  Most  of  the  input  energy  is  dissipated  by  the  VEDs. 

With  VEDs  removed,  the  model  behavior  typifies  the  RC  behavior  described  above.  In  Figure 
4.18,  story  shear  vs.  interstory  displacement  for  simulations  E050N  and  E150N,  energy  dissipation, 
evidenced  by  the  relative  size  of  the  hysteresis  loops,  is  low.  Story  stiffness  is  lower  than  for  the 
simulations  with  VEDs  installed.  Pinching  is  evident,  with  increased  stiffness  for  new  displacement 
maxima  that  occur  in  each  simulation.  Wider  hysteresis  loops  result  when  new  displacement  maxima 
occur,  but  narrower  loops  occur  for  lower  magnitude  responses. 

5.5  Overturning  Moments 

The  same  general  relationship  for  simulations  E010DL  -  T420DL  exists  for  OTM  as  for  floor 
acceleration  and  story  shear  (Figures  4.19  and  4.20).  Maximum  normalized  OTMs  for  simulations  E025N 
-  E200N  are  significantly  lower  than  those  of  simulations  E025DL  -  E200DL,  reflecting  both  the  overall 
lower  maximum  accelerations  at  each  floor  level  and  the  occurrence  of  maximum  floor  accelerations  at 
different  times,  because  of  higher  mode  effects. 

5.6  Viscoelastic  Damper  (VED1  Performance 

(a)  General  Trends 

Figure  4.26  plots  the  maximum  sums  of  the  horizontal  components  of  all  VED  forces  in  each  story, 
normalized  by  PGA,  for  all  simulations.  Figure  4.27  plots  the  maximum  sums  of  the  horizontal 
components  of  the  VED  forces,  normalized  by  maximum  story  shear,  at  the  time  of  maximum  story  shear 
and  at  the  time  of  maximum  VED  force  summation.  The  phase  angle  between  shear  stress  and  strain  in 
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the  VEDs  (force  leads  deformation)  results  in  the  different  sums  at  the  two  different  times.  The  plots  are 
erratic,  but  several  trends  are  present. 

Maximum  second  story  VED  forces  exceed  maximum  first  story  VED  forces.  Because  of  the 
relative  fixity  of  the  base,  the  first  story  columns  are  stiffer  than  the  second  story  columns.  This  results  in 
attracting  a  higher  percentage  of  total  story  shear  to  the  first  story  columns  than  to  the  second  story 
columns.  Therefore,  a  lower  percentage  of  the  total  story  shear  is  attracted  to  the  first  story  VED  braces 
than  to  the  second  story  VED  braces. 

Normalized  El  Centro  simulation  sums  are  higher  than  corresponding  Taft  sums,  paralleling 
previous  observations  concerning  maximum  story  shears;  the  sums  increase  slightly  with  increasing  PGA. 
The  slightly  higher  frequency  content  of  the  El  Centro  responses  leads  the  VEDs  to  act  somewhat  more 
stiffly,  attracting  relatively  higher  force  levels.  Material  property  changes  associated  with  elapsed  times  to 
reach  the  maximum  responses  likely  contribute  more  significantly  to  this  trend  (Tables  4.11  and  4. 12). 

Taft  maxima  occur  after  longer  excitation  times  (4.6  sec  and  6.3  sec)  than  those  of  the  corresponding  El 
Centro  maxima  (1.15  sec  and  1.30  sec).  See  Section  4.7  for  definitions  of  these  maxima.  As  the 
viscoelastic  material  is  cyclically  deformed,  it  dissipates  energy  through  heating,  causing  both  its  stiffness 
and  damping  properties  to  decrease  (Appendix  D).  The  lower  VED  stiffness  resulting  from  the  longer 
excitation  time  of  the  Taft  simulation  before  its  maxima  occur  results  in  attracting  relatively  less  force  than 
is  attracted  for  the  El  Centro  simulation. 

The  elapsed  times  between  the  two  maxima  in  each  simulation  also  seem  linked  to  material 
property  changes.  In  the  El  Centro  simulations,  there  is  only  a  half  cycle,  0. 15  sec  elapsed  time,  between 
the  two  maxima.  The  relative  amounts  of  story  shear  borne  by  the  VEDs  in  the  two  maxima  are  not 
significantly  different.  No  distinct  dependence  on  relative  floor  velocity,  VED  strain,  or  displacement 
frequency  emerges.  However,  in  the  Taft  simulations,  the  positive  story  shear  maximum  occurs  1.7  sec 
before  the  negative  story  shear  maximum.  The  percentage  of  the  stoiy  shear  assumed  by  the  VEDs  is 
higher  for  all  stories  at  the  time  of  the  positive  story  shear  maximum  than  at  the  time  of  the  negative  story 
shear  maximum.  Differences  in  the  third  story  are  small,  but  differences  in  the  first  two  stories  are 
significant.  The  longer  interval  between  the  two  maxima  permits  several  excitation  cycles  to  occur.  The 
energy  dissipation  that  occurs  during  this  time  would  lead  to  lower  stiffness  at  the  time  of  the  negative  story 
shear  maximum  than  at  the  time  of  the  positive  story  shear  maximum,  resulting  in  the  attraction  of 
relatively  lower  amounts  of  the  story  shear.  Again,  no  distinct  dependence  on  relative  floor  velocity,  VED 
strain,  or  displacement  frequency  emerges. 
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In  both  series  of  simulations,  the  relative  amount  of  the  story  shear  transmitted  by  the  VEDs 
increases  with  increasing  PGA  on  all  story  levels.  VED  stiffness  reduces  with  increased  strains,  lowering 
force  attraction.  Offsetting  this  is  the  relatively  higher  force  attraction  that  would  occur  with  higher 
deformation  velocity.  Finally,  the  column  stiffnesses  would  reduce  with  increased  inelastic  deformation. 

Figures  4.29  and  4.30  plot  the  4.0  sec  elapsed  times  of  maximum  story  shears  for  simulations 
E050DL  and  E150DL,  with  the  corresponding  sums  of  the  horizontal  components  of  the  VED  forces,  and 
the  calculated  column  shears.  The  phase  angle  between  VED  force  and  displacement  results  in  a  lag 
between  maximum  VED  forces  and  maximum  story  shear.  The  angle  differs  slightly  from  story  to  story. 
VED  forces  peak  before  story  shear  in  each  major  motion  cycle,  and  there  are  times  that  column  shears  and 
sums  of  the  horizontal  components  of  the  VED  forces  are  opposite  in  sign.  Figure  4.3 1  shows  relative 
floor  velocities  that  correspond  to  Figures  4.29  and  4.30.  Even  in  simulations  with  higher  PGAs,  there  are 
times  of  low  relative  floor  velocity,  indicating  that  very  little  interstory  displacement  occurs  then.  During 
these  times,  the  VED  deformations  are  extremely  small,  significantly  raising  their  effective  stiffness  and 
damping  properties. 

(b)  VED  Stiffness  Properties 

VED  force-deformation  relationships  were  examined  to  assess  VED  stiffnesses.  Within  each  series 
of  simulations,  and  for  each  VED,  each  successive  VED  displacement  history  was  processed  to  record  only 
those  displacements  that  exceeded  maximum  displacements  from  the  previous  displacement  history.  These 
displacements  and  the  corresponding  VED  forces  are  plotted  as  “backbone”  curves  in  Figures  5.2  -  5.7. 
Separate  plots  of  the  conditions  for  VED  braces  in  compression  and  tension  are  provided.  The  reader  will 
note  that  the  “backbone”  plots  do  not  closely  resemble  such  plots  from  undamped  structures.  The  outline 
of  the  largest  hysteresis  loop  in  each  simulation  can  be  seen  in  each  plot. 

Tables  5.1  and  5.2  provide  linear  and  quadratic  regressions  for  each  plot  in  Figures  5.2  -  5.7. 

Table  5.3  lists  average  VED  stiffnesses  based  on  the  slopes  of  the  linear  regressions  in  Tables  5.1  and  5.2. 
Correlation  coefficients  for  the  quadratic  regressions  show  essentially  the  same  accuracy  as  those  of  the 
linear  regressions,  so  analysis  focused  on  the  linear  regressions. 

The  data  plots  and  the  corresponding  linear  regressions  (Table  5.3)  show  wide  scatter  in  the  data. 
Since  the  NE  and  NW,  and  SE  and  SW,  pairs  of  VEDs  move  in  phase  at  each  story  level,  the  closest 
comparisons  can  be  made  within  each  pair.  Figures  5.2  -  5.7  show  that  maximum  force  and  displacement 
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levels  in  the  VEDs  are  variable.  If  the  VED  braces  behaved  identically,  maximum  displacements  would  be 
identical  for  the  NE  and  NW  VEDs  in  each  story,  and  for  the  SE  and  SW  VEDs  in  each  story,  but  they  are 
not.  For  example,  Figure  5 .4  shows  that  the  NE  VED  in  the  second  story  has  20%  -  30%  higher  maximum 
displacement  in  each  simulation  than  the  counterpart  NW  VED. 

The  four  VEDs  in  each  story  also  have  significant  average  stiffness  variations.  Variations  are 
larger  for  the  VED  brace  in  compression  condition  than  for  the  VED  brace  in  tension  condition.  It  is 
probable  that  the  VED  braces  experienced  lateral  “bowing”  displacements  under  compressive  loading. 

This  behavior  would  be  the  aggregate  result  of  misalignment  of  the  VED  braces,  rotational  flexibility  of  the 
VEDs,  and  rotational  flexibility  of  the  slab-column  joints.  Such  deflections  would  increase  measured  VED 
strains  for  given  compressive  forces,  lowering  the  computed  stiffness.  The  reader  may  see  this  by 
comparing  the  tensile  “backbone”  curve  of  the  NE  (or  NW)  VED  with  die  corresponding  compressive 
curve  for  the  SE  (or  SW)  VED,  and  vice  versa  (Figures  5.2  -  5.7).  Assuming  that  the  floor  diaphragms 
forced  lateral  displacement  compatibility  in  all  columns  at  each  floor  level,  maximum  displacements  for 
opposing  braces  should  be  equal.  The  brace  that  is  in  compression  often  shows  slightly  larger 
displacement.  Confirmation  of  this  hypothesis  may  be  seen  on  the  first  floor,  where  the  computed  SW 
VED  stiflhess  is  almost  the  same  in  both  compression  and  tension  (Table  5.6).  When  this  VED  is  in 
compression,  its  deformation  almost  exactly  matches  the  corresponding  tensile  deformation  of  the  NW 
VED  (Figures  5.2  and  5.3).  By  contrast,  the  NW  VED  stiffness  is  lower  in  compression  than  in  tension. 
When  this  VED  is  in  compression,  its  deformation  is  larger  than  the  tensile  deformation  of  the  SW  VED, 
indicating  bowing  may  have  occurred. 

Neither  maximum  VED  strains  nor  maximum  VED  forces  vary  as  widely  as  the  computed 
stiffnesses,  indicating  VED  performance  at  maximum  force  and  deformation  levels  is  more  consistent  than 
the  computed  stiffness  values  indicate.  In  addition,  model  displacements  and  accelerations  showed  no 
inclination  toward  torsion,  so  the  differing  VED  brace  properties  did  not  seem  to  induce  detrimental 
motions. 

Table  5.6  shows  that  the  “backbone”  curve  stiffness  is  5%  -  8%  higher  for  the  El  Centro 
simulations  than  for  the  Taft  simulations.  This  table  also  shows  that  backbone  stiffness  decreases  with 
increased  story  height.  The  average  stiffness  of  the  first  story  VEDs  is  slightly  higher  than  that  of  the 
second  story  VEDs  (10.75  kips/inch  vs.  9.39  kips/inch).  The  interstory  displacements  in  the  first  story  are 
approximately  80%  of  those  on  the  second  story,  so  the  first  story  VED  stiffnesses  are  expected  to  be 
higher  than  those  in  the  second  story.  Both  average  stiffnesses  are  below  those  measured  during  VED 
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characterization  testing  (Appendix  D),  in  which  the  VED  displacements  were  carefully  controlled.  In  that 
testing,  an  average  stiffness  of  13.3  kips/inch  was  observed  for  an  excitation  frequency  of  3.0  Hz  and  a 
shear  strain  of  25%,  and  an  average  stiffness  of  9.7  kips/inch  was  observed  for  an  excitation  frequency  of 
2.0  Hz  and  a  shear  strain  of  50%,  for  four  displacement  cycles. 

The  observed  average  third  story  stiffness  of  4.99  kips/inch  is  significantly  lower  than  either  of  the 
lower  story  stiffnesses.  Third  story  interstory  displacements  are  smaller  than  those  of  either  of  the  lower 
stories,  which  implies  that  VED  stiffness  should  be  higher  than  it  is  on  either  of  the  lower  stories.  The  third 
story  VED  force-displacement  hystereses.  Figures  C.10.1  -  C.  10.46,  in  simulations  E010DL  -T420DL 
resemble  those  of  the  simulations  that  were  conducted  before  the  VED  braces  were  fixed  by  welding  them 
to  the  column  collars  (E.G.  simulation  E025DS).  The  third  story  VED  force-displacement  hystereses  show 
significant  energy  dissipation  with  little  stiffness  contribution.  In  the  simulations  that  were  conducted 
before  fixing  the  braces,  rotations  of  the  VED  brace  elements  that  were  permitted  by  their  pinned  end 
conditions  significantly  reduced  their  axial  stiffness,  because  lateral  displacements  occurred  with  very  small 
axial  forces.  In  simulations  E010DL  -  T420DL,  although  the  VED  brace  ends  were  welded  to  their 
respective  column  collars,  the  third  floor  slab-column  connections  were  more  flexible  than  those  at  the  first 
and  second  floor  levels,  allowing  larger  joint  rotations  to  occur  than  in  the  lower  stories.  The  larger  joint 
rotations  would  be  transferred  to  the  VEDs  through  movement  of  the  VED  brace  ends.  This  would 
effectively  lower  the  axial  stiffness  of  the  VEDs,  since  their  shear  strains  would  increase  without 
corresponding  increases  in  the  axial  forces  in  the  braces.  While  this  condition  is  most  exaggerated  in  the 
third  story,  it  may  also  partially  explain  the  lower  stiffness  of  the  second  story  VEDs  with  respect  to  the 
first  story  VEDs,  since  the  base  fixity  of  the  columns  would  permit  no  joint  rotation  at  the  bases  of  the  first 
story  columns. 

Examination  of  the  VED  force-displacement  behavior  from  other  perspectives  is  also  helpful  in 
analyzing  VED  behavior.  Table  5.4  lists  average  stiffnesses  for  the  El  Centro  VED  force-deformation 
hystereses  for  the  first  20  sec  of  each  simulation,  and  for  the  3.5  sec  of  maximum  interstoiy  displacement. 
While  not  shown  here,  trends  for  the  Taft  simulations  are  similar.  These  stiffnesses  are  based  on  linear 
regressions  of  the  hystereses  for  all  data  points  that  fall  within  the  respective  elapsed  times.  Several 
observations  may  be  made  about  these  data.  First,  in  comparison  with  linear  regression  data  from  the 
backbone  curves  (Table  5.3),  computed  stiffnesses  are  much  lower.  The  linear  regressions  summarized  in 
Table  5.3  are  separate  for  tensile  and  compressive  brace  loading,  so  the  stiffness  values  are  not  directly 
comparable.  Table  5.4  confirms  the  large  variability  in  stiffnesses  for  the  various  VEDs  in  the  various 
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tests.  It  also  shows  the  same  reduced  VED  stiffnesses  with  increased  story  height  as  the  Table  5.3  data 
show.  The  regressions  for  the  third  story  actually  average  negative  values,  as  a  consequence  of  the 
extremely  low  stiffness  at  that  level.  Finally,  the  stiffness  values  are  higher  for  the  3.5  sec  of  maximum 
displacement  than  for  the  longer  elapsed  time.  This  supports  the  observation  that  VED  stiffness  properties 
lower  with  elapsed  excitation  time,  because  the  material  softens  due  to  heating  that  results  from  energy 
dissipation. 

Other  authors  [3]  have  recommended  using  those  VED  hysteresis  data  points  that  fall  within  a 
specified  VED  deformation  range,  specifically  0.50  D^  to  1.00  D^,  to  perform  a  linear  regression  that 
determines  the  effective  VED  stiffness.  Table  5.5  lists  the  results  of  linear  regressions  for  the  VED  force- 
deformation  hystereses  for  each  simulation,  for  all  deformations  from  25%  of  the  maximum  deformation 
(0.25  Dmax)  to  1.00  D^,  while  Table  5.6  lists  the  results  of  linear  regressions  for  the  VED  force- 
deformation  hystereses  for  each  simulation,  for  all  deformations  from  0.50  D,^  to  1.00  D^.  Tables  5.5 
and  5.6  provide  separate  regressions  for  the  conditions  of  VED  braces  in  tension  and  VED  braces  in 
compression.  Data  are  given  only  for  the  El  Centro  simulations.  The  tables  also  provide  the  maximum 
shear  strains  and  brace  axial  forces,  and  the  numbers  of  data  points  in  each  regression  analysis.  Tables  5.5 
and  5 .6  show  the  same  general  trends  that  are  reported  above.  There  is  large  scatter  in  the  data  As  with 
the  third  story  VED  regressions  in  Table  5.4,  there  are  several  instances  of  negative  regression  slopes  in 
these  tables.  In  those  instances,  the  hysteresis  plots  show  such  extremely  low,  or  nonexistent,  stiffness  that 
the  groups  of  selected  data  points  result  in  negative  slope  computations. 

In  Tables  5.5  and  5.6,  brace  compression  stiffness  is  generally  lower  than  brace  tensile  stiffness. 
Brace  stiffness  generally  decreases  with  higher  PGA.  The  reported  stiffnesses  for  the  range  of  0.50  D^  to 
1.00  D^  are  generally  higher  than  those  for  the  range  0.25  D^  to  1.00  D^.  As  has  been  discussed, 

VED  stiffness  lowers  with  increased  shear  strain,  making  the  reported  data  seem  contradictory.  However, 
for  the  El  Centro  simulations,  the  maximum  displacements  occur  very  early  in  the  elapsed  time.  A  cursory 
check  of  the  VED  deformation  histories  shows  that  displacements  for  the  range  of  0.50  D^*  to  1.00 
occur  during  the  first  six  seconds  (sec)  of  the  record,  while  displacements  for  the  range  0.25  D^  to  1.00 
D^  occur  during  the  first  15  sec  of  the  record.  It  would  therefore  be  expected  that  the  heat-induced 
softening  that  occurs  during  the  longer  excitation  time  would  be  responsible  for  the  apparent  contradiction 

The  dependence  of  viscoelastic  stiffness  and  damping  properties  on  excitation  frequency  soft 
maximum  strain  is  well  documented  [1,  9].  From  that  research,  shear  storage  and  loss  moduli  ( G'G ")  for 
viscoelastic  materials  have  been  found  to  be  approximately  proportional  to  the  square  root  of  the  excitation 
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frequency  and  inversely  proportional  to  the  fifth  root  of  the  maximum  shear  strain  (Appendix  D).  The 
moduli  are  more  sensitive  to  excitation  frequency  than  to  maximum  strain.  Equation  2.21  shows  the  VED 
stiffness  to  be  proportional  to  G '  so  the  VED  stiffness  (Jcd)  is  also  proportional  to  the  square  root  of  the 
excitation  frequency  and  inversely  proportional  to  the  fifth  root  of  the  maximum  shear  strain.  Equation 
2.22  shows  VED  damping  to  be  proportional  to  G  "divided  by  the  excitation  frequency,  so  the  VED 
damping  coefficient  (cd)  is  inversely  proportional  to  the  square  root  of  the  excitation  frequency  and  the  fifth 
root  of  the  maximum  shear  strain.  These  approximate  relationships  may  be  expressed  as: 

kd~G'  «(cu(°-V-°-2)) 

c.~2l  oc((,>(-®-5),y<-0-2)) 

O) 

Focusing  on  the  VED  stiffness,  the  first  mode  frequency  of  the  model  lowered  through  the  test  sequence, 
and  displacements,  with  resulting  VED  strains,  increased.  Both  of  these  trends  would  contribute  to  lowered 
VED  stiffness.  Stiffnesses  calculated  from  the  test  data  are  inconsistent,  although  the  backbone  curves 
corroborate  the  tendency  for  the  VED  stiffness  to  be  lower  with  increased  PGA. 

5.7  Variation  of  Dynamic  Properties 

This  section  examines  stiffness  and  equivalent  viscous  damping  properties  of  the  model  during  the 
earthquake  simulations,  providing  insight  into  the  global  response  of  the  model  and  its  general  condition. 

Stiffness  variations  in  the  structure  were  monitored  during  the  simulations  by  measuring  resonant 
modal  frequencies  and  corresponding  periods.  Table  4. 15  lists  modal  frequencies  that  were  computed  from 
base  to  third  floor  acceleration-based  transfer  functions  (TFs)  during  the  various  simulations.  Table  4.16 
lists  the  modal  frequencies  that  were  computed  from  base  to  third  floor,  and  base  to  second  floor, 
acceleration-based  TFs  from  the  white  noise  tests  (WNTs)  that  were  conducted  before  and  after  the 
simulations.  The  same  trends  are  seen  in  both  tables.  Observed  modal  frequency  decreases  with  each  new 
simulation,  and  observed  first  mode  frequencies  are  higher  for  the  model  equipped  with  VEDs  than  they  are 
when  the  model  is  not. 

The  data  in  the  two  tables  are  based  on  responses  to  different  input  motions,  leading  to  differences 
in  the  observed  stiffness  properties.  The  modal  frequencies  in  Table  4. 15  are  derived  from  the  simulations. 


(5.1) 

(5.2) 
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where  PGAs  ranged  from  0.05  g  to  almost  1.00  g.  The  modal  frequencies  in  Table  4.16  are  derived  from 
WNTs,  in  which  the  PGA  »  0.025  g  for  all  tests. 

Some  minimum  level  of  excitation  will  be  required  to  open  cracks  and  initiate  reinforcement 
slippage  in  the  RC,  even  following  a  previous  event  in  which  such  cracking  and  slippage  has  been  initiated. 
Because  of  this,  the  stiffness  of  the  RC  structure,  excluding  VEDs,  is  expected  to  be  higher  at  very  low 
excitation  levels  than  at  higher  excitation  levels.  Also,  VED  stiffness  decreases  with  larger  strain.  It 
therefore  would  be  expected  that  the  frequencies  and  associated  structural  stiffnesses  determined  from  the 
WNTs  (Table  4. 16)  would  be  higher  than  those  determined  in  the  earthquake  simulations  (Table  4. 15). 

Modal  frequencies  reported  in  Tables  4.15  and  4.16  are  resonant  peaks  in  the  TF  plots.  Modal 
periods  are  computed  as  the  inverses  of  the  modal  frequencies.  Modal  damping  ratios  were  computed  from 
the  TFs  using  the  half-power  bandwidth  method.  Both  the  modal  frequencies  and  damping  ratios  are 
approximate.  The  resonant  frequency  (o or)  and  the  natural  frequency  (coj  of  the  system  are  not  identical, 
with  the  difference  between  the  two  becoming  larger  with  increased  viscous  damping.  Using  procedures 
outlined  by  Chopra  [reference  12,  pp  83-89)  for  evaluating  transmissibility,  co/ojn  *  0.99  for  a  damping 
ratio  (£)  of  10%;  o>/con  »  0.96  for  \  =  20%;  co/a)n  »  0.93  for  £  =  30%;  and  cOj/con  ~  0.89  for  ^  =  40%. 
So,  the  reported  resonant  frequencies  are  somewhat  lower  than  the  natural  frequencies  of  the  model.  In 
computing  the  modal  damping  ratio  using  the  half-power  bandwidth  method,  the  TF  magnitude  at  its  peak 
is  critical.  As  exhibited  in  Figure  C.  16.20,  the  smoothing  process  lowered  the  peak  TF  magnitude, 
effectively  increasing  the  half-power  bandwidth,  which  increases  the  computed  damping  ratio. 

These  discussions  concentrate  on  the  measured  resonant  frequencies.  In  Chapter  6,  when 
analytical  models  are  developed,  it  will  be  necessary  to  account  for  the  difference  when  comparing 
observed  response  to  calculated  response.  The  smaller  damping  ratios  of  the  model  with  VEDs  removed 
result  in  no  significant  difference  between  the  observed  resonant  frequencies  and  the  natural  frequencies  for 
those  simulations. 

(a)  Vibration  Periods  and  Stiffnesses:  Simulations  E010DL  -  T420DL 

In  simulations  E010DL  -  T420DL,  only  the  first  mode  was  discemable  in  the  TFs.  Table  4.15 
shows  a  gradual  lengthening  of  the  first  mode  period  from  0.35  sec  to  0.41  sec  from  simulation  E010DL  to 
T3 15  DL,  for  the  average  response  of  the  model  over  the  entire  simulation.  The  period  increase  indicates 
the  stiffness  decreased  to  approximately  73%  of  its  initial  value  during  this  sequence.  In  simulation 
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E250DL,  the  first  mode  period  increased  to  0.5 1  sec,  indicating  that  the  stiffness  decreased  to 
approximately  47%  of  its  initial  value.  First  mode  periods  obtained  by  measuring  the  elapsed  time  between 
zero  crossings  of  the  interstory  displacement  vs.  time  plots  at  the  times  of  maximum  displacement 
corroborated  the  values  based  on  the  TFs. 

Table  4.16  shows  TF  maxima  from  the  WNTs.  From  the  WNT  prior  to  simulation  E010DL 
through  the  WNT  following  simulation  T420DL,  the  first  mode  period  based  on  WNTs  was  approximately 
constant,  averaging  0.35  sec.  Following  simulation  E250DL,  the  first  mode  period  based  on  WNT  was 
approximately  0.42  sec.  The  WNT-based  periods  connote  higher  stiffnesses  than  those  which  were 
observed  in  the  simulations.  With  increased  PGAs,  differences  between  the  natural  periods  observed  in  the 
simulations  and  those  of  the  WNTs  widened,  with  the  WNTs  consistently  yielding  shorter  periods.  It  is 
reasonable  to  conclude  that  the  observed  stiffness  properties  in  the  WNTs  may  be  used  as  general 
indicators  of  the  condition  of  the  structure  but  cannot  be  used  as  absolute  indicators  of  the  structural 
condition  during  the  actual  tests. 

The  stiffness  properties  of  the  model  were  also  examined  from  other  perspectives.  Since  structural 
properties  at  maximum  displacement  are  critical  for  design  purposes,  “backbone”  curves  of  the  story  shear 
and  column  shear  vs.  interstory  displacement  for  simulations  E010DL  -  E200DL  and  T021DL  *  T420DL 
were  constructed  in  the  same  manner  that  was  previously  described  for  the  VEDs.  The  plots  are  again 
affected  by  the  hysteretic  loop  behavior  of  the  VEDs. 

The  backbone  curves  are  plotted  in  Figures  5.8-5.10  (only  “positive”  maximum  displacements  are 
presented).  Both  linear  and  quadratic  curve  fits  to  the  plotted  data  were  calculated.  They  are  reported  in 
Tables  5.7  -  5.8,  and  the  computed  interstory  “tangent  stiffness”  values  (slopes  of  the  curve  fits  at 
maximum  displacement  levels  for  each  simulation)  are  presented  in  Table  5.9.  Curve  fits  for  the  El  Centro 
data  and  the  Taft  data  are  very  similar,  indicating  very  similar  response  to  the  different  input  signals.  The 
regression  correlation  coefficients  for  the  quadratic  regressions  are  only  slightly  higher  than  for  the  linear 
regressions,  which  may  make  the  simpler  stiffness  relationship  found  with  the  linear  regression  appealing 
for  use  in  structural  analysis.  However,  the  linear  regressions  generally  have  “y-intercepts”  much  larger 
than  those  of  the  quadratic  regressions.  A  y-intercept  that  passes  through  the  origin  would  be  expected  for 
the  ideal  curve  fit.  Except  for  simulations  E200DL  and  T420DL,  which  are  at  the  limits  of  the  recorded 
data,  the  quadratic  regressions  provide  a  better  fit  and  show  the  stiffness  decrease  that  occurs. 

Table  5.8  presents  curve  fits  for  the  column  shear  vs.  interstory  displacement  backbone  curves. 
These  data  are  more  scattered  than  the  corresponding  story  shear  data.  Regression  correlation  coefficients 
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are  lower.  The  regressions  indicate  that  the  column  shear  stiffnesses  of  the  Taft  simulations  are  somewhat 
higher  than  those  of  the  El  Centro  simulations. 

Using  Table  5.9  and  simulations  E010DL  and  T3 15DL  to  compare  the  stiffnesses  computed  using 
the  TFs,  the  first,  second,  and  third  story  tangent  stiffnesses  (quadratic  regression)  at  the  instant  of 
maximum  displacement  in  simulation  T3 15DL  are  43%,  43%,  and  60%,  respectively,  of  those  in 
simulation  E010DL.  The  tangent  stiffnesses  are  significantly  below  the  73%  estimate  from  the  TF  analysis 
and  indicate  that  stiffness  decrease  at  maximum  displacement  is  more  severe  than  is  indicated  by  the  TFs  of 
the  time  histories.  The  TF  analysis  represents  an  average  condition  for  the  entire  simulation,  while  the 
backbone  tangent  stiffness  characterizes  conditions  at  the  time  of  maximum  displacement. 

In  Table  5.10,  the  results  of  linear  regressions  of  the  story  shear  vs.  interstory  displacement  records 
for  the  first  20  sec  of  each  record  and  for  the  3.5  sec  of  maximum  interstory  displacement  are  given.  The 
regressions  provide  average  stiffnesses  for  those  elapsed  times.  The  stiffnesses  are  very  nearly  the  same  for 
the  two  different  regressions.  Stiffness  again  decreases  with  increasing  PGA,  but  the  decrease  is  not  as 
pronounced  as  it  is  with  the  tangent  stiffnesses.  These  stiffnesses  are  generally  lower  than  the  backbone 
tangent  stiffnesses  for  the  lower  PGA  simulations  and  higher  than  the  backbone  tangent  stiffnesses  for  the 
higher  PGA  simulations.  At  lower  PGAs  and  correspondingly  smaller  strains,  the  softening  of  the 
viscoelastic  material  with  increased  excitation  time  probably  leads  the  stiffness  averages  over  time  to  be 
lower  than  the  stiffness  at  maximum  displacement.  At  higher  PGAs,  the  very  large  VED  strains  that  occur 
at  times  of  maximum  displacement  probably  result  in  instantaneous  stiffnesses  that  are  smaller  than  the 
average  stiffnesses  over  time  that  are  dominated  by  smaller  strains,  outweighing  the  stiffness  decrease  that 
occurs  with  excitation  time. 

(b)  Vibration  Periods  and  Stiffnesses:  Simulations  E025N  -  E200N 

In  simulations  E025N  -  E200N,  the  first  three  modes  are  discemable  in  the  TFs.  Table  4.15  shows 
a  lengthening  of  the  first  mode  period  from  0.78  sec  to  0.83  sec  from  simulation  E025N  to  E050N,  where  it 
remained  through  simulation  E100N.  The  first  mode  period  lengthened  to  0.85  sec  in  simulation  E125N, 
0.92  sec  in  simulation  E150N,  and  1.32  sec  in  simulation  E200N,  matching  observed  changes  in  the 
condition  of  the  model.  Using  simulation  E025N  as  a  baseline,  the  stiffness  decreased  to  approximately 
88%  of  its  baseline  stiffness  in  simulation  E050N  and  remained  constant  through  simulation  E100N.  The 
stiffness  decreased  to  approximately  84%  of  its  baseline  value  in  simulation  E125N,  72%  of  its  baseline 
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value  in  simulation  E150N,  and  35%  of  its  baseline  value  in  simulation  E200N.  First  mode  periods 
obtained  by  measuring  the  elapsed  time  between  zero  crossings  of  the  interstory  displacement  vs.  time  plots 
at  the  times  of  maximum  displacement  again  corroborated  the  values  based  on  the  TFs. 

Table  4.16  shows  that,  during  the  series  E025N  -  E200N,  the  first  mode  period  based  on  WNTs 
was  almost  constant,  at  0.67  sec  -  0.71  sec.  The  WNTs  project  significantly  higher  stiffnesses  than  those 
which  were  observed  in  the  simulations.  There  is  a  threshold  excitation  level  that  is  required  to  open  cracks 
and  induce  reinforcement  slip  that  is  not  reached  in  the  WNTs.  This  confirms  the  earlier  observation  that 
the  stiffness  properties  obtained  from  the  WNTs  may  be  only  used  as  general  indicators  of  the  condition  of 
the  structure.  WNTs  of  the  model  were  also  performed  before  any  simulations  were  conducted  and  again 
before  simulation  E025N.  Between  those  tests,  the  first  mode  period  lengthened  from  0.53  sec  to  0.65  sec, 
confirming  that  stiffness  degradation  of  the  model  occurred  during  the  series  of  simulations  that  included 
VEDs. 

Backbone  curves  of  the  story  shear  vs.  interstory  displacement  for  simulations  E025N  -  E200N  are 
plotted  in  Figures  5.8  -  5.9.  Linear  and  quadratic  curve  fits  to  the  plotted  data  were  calculated.  They  are 
reported  in  Table  5.7,  and  the  apparent  interstory  tangent  stiffiiess  values  for  each  simulation  are  presented 
in  Table  5.9.  Linear  and  quadratic  regressions  for  the  first  story  show  almost  linear  behavior  for  maximum 
displacements  through  the  range  of  simulations,  and  they  result  in  the  same  first  story  stiffiiess  over  the 
entire  sequence.  The  second  story  regressions  indicate  that  maximum  second  story  displacement  behavior 
was  almost  linear  through  a  maximum  interstory  displacement  of  1.20",  while  the  third  story  regressions 
indicate  that  maximum  third  story  displacement  behavior  was  almost  linear  through  a  maximum  interstory 
displacement  of  0.75".  Quadratic  regressions  for  the  second  and  third  stories  show  the  deviations  from 
linear  response,  with  the  third  story’s  softening  first  and  more  substantially,  followed  by  the  second  story. 

Table  5.10  presents  linear  regression  slopes  of  the  hysteretic  response  for  the  first  20  sec  elapsed 
time  of  each  simulation  and  for  the  3.5  sec  of  maximum  interstory  displacement.  The  stiffnesses  computed 
for  20  sec  are  generally  somewhat  lower  than  those  computed  for  the  3.5  sec  of  maximum  interstory 
displacement.  These  stiffnesses  are  also  generally  lower  than  the  quadratic  regression  stiffnesses  that  were 
computed  from  the  backbone  curves.  This  trend  may  be  due  to  pinching  effects  in  the  RC  model,  whereby 
observed  stiffiiess  is  lower  for  lower  amplitude  displacements  and  higher  for  larger  displacements  that  have 
not  been  previously  reached. 

The  TFs  in  both  the  WNTs  and  the  earthquake  simulations  detected  second  and  third  modes  for 
simulations  E025N  -  E200N.  The  smaller  dynamic  amplification  associated  with  those  frequencies  made 
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discernment  of  the  frequencies  more  difficult  and  less  precise.  Because  the  WNT  input  frequencies  were 
more  broadly  banded  than  the  earthquake  simulation  input  frequencies,  the  dynamic  amplification  of  the 
second  and  third  modes  was  higher  in  the  WNTs,  making  them  more  distinct.  The  second  mode 
frequencies  determined  in  WNTs  were  slightly  higher  that  those  determined  during  the  simulations,  but  the 
two  sets  of  results  were  very  comparable.  During  simulations  E025N  -  E150N,  the  second  mode  period 
was  approximately  0.20  sec,  while  the  corresponding  third  mode  period  was  0.11  sec  -  0.13  sec. 

(c)  Equivalent  Viscous  Damping 

Tables  4. 15  and  4. 16  list  equivalent  viscous  damping  ratios  for  the  various  simulations,  as 
determined  using  the  half-power  bandwidth  method. 

For  simulations  with  VEDs  installed,  E010DL  -  T420DL,  the  computed  first  mode  damping  ratio 
averaged  approximately  38%  of  critical  damping,  randomly  ranging  from  36%  to  45%,  except  for 
simulation  E010DL.  In  the  corresponding  WNTs  with  VEDs  installed,  the  first  mode  damping  ratio  ranged 
widely,  from  under  10%  to  approximately  30%  of  critical  damping.  As  discussed  above,  the  low  amplitude 
of  the  excitation  in  the  WNTs,  coupled  with  the  small  dynamic  amplification  that  occurred  with  VEDs 
installed  and  the  consequences  of  the  TT  smoothing  process,  made  these  measurements  very  imprecise. 

The  damping  ratios  from  the  WNTs  were  consistently  lower  than  those  from  the  simulations.  Even  with 
increasing  PGA,  the  damping  ratios  in  the  earthquake  simulations  were  consistent.  Recalling  that  the  VED 
damping  contribution  decreases  with  increasing  strain  deformation,  but  increases  with  decreasing  natural 
frequency,  it  is  plausible  that  the  equivalent  viscous  damping  ratio  of  the  VED-equipped  model  would 
remain  relatively  constant. 

The  computed  average  damping  ratios  in  simulations  E010DL  -  T420DL  are  likely  to  be  somewhat 
higher  than  the  actual  damping  ratios,  because  of  the  effective  increase  in  half-power  bandwidth  that  results 
from  the  TF  smoothing  process.  Comparison  of  the  original  and  smoothed  TFs  indicates  that  the  damping 
ratio  may  be  closer  to  30%  than  the  calculated  38%.  This  will  be  examined  further  in  Chapter  6. 

In  simulations  E025N  -  E200N,  measured  first  mode  damping  ratios  are  erratic  in  both  the 
earthquake  simulations  and  the  WNTs.  Measurements  are  more  erratic  and  somewhat  lower  in  the 
simulations  than  they  are  in  the  WNTs.  For  the  first  mode,  the  average  damping  ratios  from  both  the 
simulations  and  the  WNTs  are  comparable  at  approximately  7.0%  of  critical  damping.  For  the  second  and 
third  modes,  the  damping  ratios  from  the  WNTs  are  consistently  higher  than  those  from  the  simulations. 
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Because  the  WNT  input  frequencies  were  more  broadly  banded  and  the  resulting  TFs  were  clearer,  those 
damping  ratios  would  seem  to  be  more  accurate,  yielding  ratios  of  approximately  4.0%  for  both  the  second 
and  third  modes. 

(d)  Mode  Shapes  from  White  Noise  Tests 

For  several  of  the  WNTs,  TFs  of  all  three  floors  were  computed,  from  which  the  mode  shapes  of 
the  structure  could  be  plotted.  Figures  5.11-5.14  plot  the  mode  shapes  at  several  different  instances 
during  the  total  testing  sequence.  Each  plot  is  normalized  so  that  the  maximum  modal  displacement  equals 
one. 

In  Figure  5 . 1 1,  the  mode  shapes  of  the  model  with  VEDs  installed  are  plotted  for  three  different 
WNTs.  Only  the  first  mode  is  shown.  As  mentioned  previously,  dynamic  amplification  was  very  small  in 
the  WNTs  with  VEDs  installed,  so  that  TFs  were  very  noisy,  making  higher  modes  virtually  impossible  to 
detect.  The  first  and  second  plots  in  the  figure  are  taken  at  the  beginning  and  end  of  the  initial  dynamic 
characterization  tests.  The  plots  are  very  similar,  though  the  displacements  of  the  first  and  second  stories 
are  somewhat  higher  in  the  latter  plot.  In  the  third  plot,  which  was  taken  after  the  last  simulation  with 
VEDs  installed,  the  plot  is  quite  different,  with  displacements  of  the  lower  two  stories  having  become 
significantly  larger  after  significant  repeated  strong  motion  shaking.  With  the  dominance  of  the  first  mode, 
the  low  level  WNTs  indicate  that  assuming  a  linear  mode  shape  for  design  of  VED  systems  for  use  in  low- 
rise  construction  using  the  modal  strain  energy  method  (Chapter  2)  is  valid. 

Figures  5.12  -  5. 14  plot  the  mode  shapes  of  the  model  with  VEDs  removed.  All  three  primary 
modes  are  plotted.  From  WNT  2,  which  was  performed  prior  to  any  earthquake  simulations,  until  WNT 
29  the  first  simulation  with  VED  removal,  the  first  mode  shape  shows  increased  modal  displacements  in  the 
second  floor.  The  second  and  third  mode  shapes  change  very  little.  Subsequent  WNTs  show  only  minor 
changes  in  the  first  mode  shape,  and  the  third  mode  shape  never  changes  significantly.  As  damage  accrues, 
the  second  mode  shape  varies  with  respect  to  the  modal  displacements  of  the  first  and  second  floors. 
Comparison  of  the  first  mode  shapes  for  the  model  with  and  without  VEDs  installed,  and  before  damage 
accrued,  shows  that  they  are  very  similar,  supporting  the  assumption  used  in  Equations  2.18  and  2.20  that 
the  mode  shape  when  VEDs  are  installed  is  the  same  as  it  is  without  VEDs  installed. 

Figure  5.14  also  shows  the  mode  shapes  for  the  model  with  solid  steel  braces  installed.  This  WNT 
was  performed  during  the  initial  dynamic  characterization  testing.  The  TFs  gave  clear  results  for  the  first 
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mode.  Dynamic  amplifications  for  the  second  mode  were  small,  so  the  second  mode  is  an  estimate. 

(e)  Comparison  of  Earthquake  Simulations  and  White  Noise  Tests 

Modal  properties  from  the  WNTs  differ  in  two  significant  ways  from  the  modal  properties  from  the 
earthquake  simulation  time-histories,  even  though  the  properties  were  calculated  in  the  same  manner.  First, 
the  WNT  data  are  based  on  low  level  inputs,  PGA  £  0.025  g,  while  the  earthquake  simulations  have 
increasing  PGAs,  from  0.05  g  to  0.75  g.  The  input  motion  magnitude  will  affect  several  primary  variables 
that  will  in  turn  influence  the  observed  modal  properties.  The  properties  of  the  VEDs  are  strain-dependent. 
The  stiffness  of  reinforced  concrete  is  strain  rate-dependent  [36].  And,  concrete  cracks  that  develop  will 
likely  remain  closed  at  lower  excitation  levels  and  open  at  higher  excitation  levels,  resulting  in  relatively 
lower  effective  stiffness  with  higher  excitation  levels.  Second,  by  definition,  the  input  signals  in  the  WNTs 
have  a  broader  frequency  content  than  the  earthquake  signals.  The  WNTs  are  better  suited  to  provide 
insight  into  the  higher  modes  of  the  structure,  which  may  not  be  significantly  excited  by  the  earthquake 
records.  This  is  especially  true  for  the  model  with  VEDs  removed. 

Comparison  of  Tables  4.15  and  4.16  shows  that,  for  corresponding  characterizations,  observed 
modal  frequencies  are  higher  in  the  WNTs  than  in  the  earthquake  simulations.  With  VEDs  installed,  the 
decrease  in  first  mode  frequency  (approximately  1  Hz)  is  more  pronounced  over  the  entire  test  program 
based  on  the  earthquake  simulation  data  than  the  decrease  in  first  mode  frequency  (approximately  0.7  Hz) 
that  is  based  on  the  WNT  data.  With  VEDs  removed,  the  first  mode  frequency  decrease  during  the 
program  is  approximately  0.2  Hz  based  on  both  the  earthquake  simulation  data  and  the  'WNTs.  For  the 
simulations  with  VEDs  installed,  first  mode  damping  ratios  are  typically  about  10%  higher  based  on  the 
earthquake  simulations  than  they  are  based  on  the  WNTs. 

5.8  Energy  Input  and  Dissipation 

Table  5.11  lists  the  total  input  energy,  the  maximum  kinetic  energy,  the  maximum  elastic  strain 
energy,  and  the  energy  dissipated  by  the  VEDs,  for  all  simulations.  Procedures  used  for  computing  these 
quantities  are  described  in  Section  C.2.(l).  Figures  C.  17. 1  -  C.  17.9  plot  the  energy  input  and  dissipation 
relationships  for  simulations  E050DL  -E250DL,  T105DL  -  T420DL,  and  E075N  -  E200N.  Figure  5.15 
reproduces  the  plots  for  simulations  E050DL  and  E150DL.  Figure  5.16  reproduces  the  plots  for 
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simulations  E075N  and  E150N.  Simulation  E075N  was  plotted  instead  of  simulation  E050N  because  the 
energy  quantities  in  simulation  E050N  were  small.  In  all  plots,  input  energy  is  based  on  the  base  girder 
velocities  that  were  derived  from  the  integrated  accelerations. 

The  data  in  Table  5.11  show  the  VEDs  dissipate  over  90%  of  the  input  energy  in  all  simulations 
where  they  were  used,  showing  a  high  degree  of  effectiveness  in  reducing  structural  damage.  In  Figure 
5.15,  the  plots  for  simulations  E050DL  and  E150DL  are  virtually  identical,  except  for  scale. 

For  simulations  E250DL  and  T420DL  (Table  5.11),  the  energy  dissipated  by  the  VEDs  is 
calculated  to  be  larger  than  the  input  energy,  using  the  acceleration-based  velocities.  This  is  not  possible, 
so  error  is  present.  Two  sources  of  inaccuracy  seem  most  likely.  First,  the  assumed  weight  of  the  model 
may  have  been  lower  than  was  actually  the  case.  The  base  shear,  which  is  based  on  story  masses,  is  used 
in  calculating  the  input  energy.  One  source  of  error  in  calculating  story  mass  is  in  the  assumed  mass  of  the 
lead  weights  that  were  used.  Over  half  of  the  total  model  mass  is  contributed  by  the  weights. 
Approximately  half  of  the  weights  were  weighed  to  establish  the  average  mass.  The  unit  weight  of  the 
reinforced  concrete  may  have  also  been  somewhat  higher  than  the  150  pcf  that  was  assumed.  More  likely, 
error  may  have  accmed  from  the  above-mentioned  measured  VED  displacement  increase  that  could  have 
resulted  from  lateral  bowing  of  the  VED  braces  when  they  were  in  compression.  An  increase  in  measured 
VED  displacement  would  increase  the  areas  of  the  VED  hysteresis  loops,  increasing  the  computed 
dissipated  energy.  This  indicates  that  the  energy  dissipated  by  the  VEDs  may  be  somewhat  lower  than  the 
calculated  values  for  all  simulations  with  VEDs  installed. 

For  the  simulations  with  VEDs  removed,  a  significant  percentage  of  the  input  energy  in  each 
simulation  was  dissipated  by  hysteretic  damping  (Table  5.11,  Figure  5.16).  No  significant  changes  in  the 
energy  dissipation  mechanisms  occurred  in  simulations  E025N  -  E100N.  In  simulation  E125N,  a 
noticeable  reduction  in  the  sum  of  kinetic  and  elastic  strain  energies  occurred  in  the  range  of  5  -  10  sec 
elapsed  time.  Exemplifying  this,  the  plot  for  E150N  (Figure  5.15)  shows  significantly  lower  combined 
kinetic  and  elastic  strain  energy,  as  a  percentage  of  the  input  energy,  after  about  5.0  sec  elapsed  time  than 
the  plot  for  E075N  (Figure  5.15).  Table  5.11  also  indicates  that  the  maximum  kinetic  energy  became  a 
larger  percentage  of  the  input  energy  (34%)  than  the  maximum  elastic  strain  energy  (25%)  during 
simulation  E150N.  In  simulation  E200N,  both  the  kinetic  and  elastic  strain  energies  significantly  reduced 
as  percentages  of  the  total  input  energy. 
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5.9  Reinforcement  Strains 


This  section  presents  general  observations  about  the  measurements  of  the  active  reinforcement 
strain  gages  in  the  simulations .  Reinforcement  strain  data  is  presented  in  Section  4.11. 

(a)  Column  Reinforcement 

Gages  SGZ1  and  SGZ4,  were  located  on  reinforcing  bars  at  the  base  of  the  model.  SGZ1  was  in 
the  NW  column,  and  SGZ4  was  located  in  the  west  centerline  column.  The  observed  reinforcement  yield 
and  bar  slip  in  the  NW  column  reduces  the  rotational  stiffness  of  the  joint  in  simulations  E125DL  - 
E200DL,  T315DL,  and  E150N  -  E200N.  Strains  in  simulations  E025N  -  E200N  show  high  frequency 
content,  indicating  that  localized  response,  perhaps  concrete  cracking,  occurred,  which  would  also  lower 
rotational  stiffness  in  the  joint. 

Gages  S1Z1  and  S1Z3  were  located  on  reinforcing  bars  directly  below  the  first  floor  slab. 

S 1Z1  was  located  in  the  NW  column.  Gage  S 1Z1  was  within  the  depth  of  the  spandrel  beam  that  frames 
into  the  column.  In  simulations  E010DL  -  T262DL,  strains  were  significantly  below  yield  and  only  about 
10%  of  .the  strains  measured  by  gage  SGZ1.  For  conventional  frame  flexure,  the  strains  at  the  top  of  the 
first  story  columns  would  be  expected  to  about  50%  of  the  strains  measured  at  the  base.  The  increased 
section  properties  that  result  from  the  spandrel  presence  may  have  acted  to  lower  the  strains  that  were 
measured.  In  the  west  centerline  column  gage  (S 1Z3),  impacts  of  the  collar  face  plates  as  the  VED  braces 
are  loaded  may  lead  to  the  addition  of  the  higher  frequency  signals.  These  signals  disappear  in  the  records 
for  simulations  when  the  VED  braces  were  disconnected.  Measured  compressive  strains  exceed  the 
crushing  strains  for  unconfined  concrete  in  simulations  E125N  -  E200N,  though  no  signs  of  concrete 
crushing  were  noted  in  post-test  inspections.  This  indicates  the  collars  effectively  confined  the  concrete. 

Gages  S1Z5,  S1Z6,  S1Z7,  and  S1Z8,  were  located  at  the  bases  of  the  second  story  columns. 

Gages  S 1Z5  and  S 1Z6  were  located  in  the  lap  splice  zone  for  the  column  reinforcement.  S 1Z5  was 
on  the  outside  middle  reinforcing  bar  in  the  NW  column.  Compressive  strains  are  consistently  and 
significantly  higher  than  tensile  strains,  but  no  bar  slip  is  observed.  Because  the  gage  is  in  the  lap  splice 
region,  it  is  possible  that  the  full  tensile  force  may  not  be  on  the  bar  at  the  gage  location.  In  simulations 
E050N  -  E150N,  erratic  strains  are  measured  during  the  first  10  sec  of  each  record  that  are  higher  in 
frequency  content  than  the  first  mode  of  the  structure,  indicating  that  damage  accrued,  which  would  soften 
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the  joint.  Gage  S1Z6  was  located  on  the  inside  middle  reinforcing  bar  in  the  NW  column.  In  simulations 
E025N  -  E200N,  erratic  strains  were  again  measured  during  the  first  10  sec  of  each  record  that  are  higher 
in  frequency  content  than  the  first  mode  of  the  structure,  indicating  that  damage  accrued.  In  simulations 
E075N  -  E200N,  increasing  degrees  of  bar  slip  appear. 

Gage  S1Z7  was  located  on  one  of  the  north  face  reinforcing  bars  in  the  west  centerline  column. 

The  gage  was  within  the  region  that  is  confined  by  the  column  collar  at  the  base  of  the  second  story 
column.  Strains  do  not  increase  in  direct  proportion  to  PGA,  and  maximum  tensile  strains  peak  in 
simulations  E075DL  and  T157DL  at  slightly  less  than  Vs  of  yield.  Maximum  tensile  strains  do  not  exceed 
this  level  in  subsequent  simulations  with  VEDs  installed.  No  indication  of  tensile  slip  is  present.  Low 
amplitude  high  frequency  signals  in  simulations  E125N  -  E200N  indicate  local  cracking  and  slipping  occur, 
softening  the  joint. 

Gage  S1Z8  was  located  on  one  of  the  south  face  reinforcing  bars  in  the  west  centerline  column. 

The  gage  was  also  within  the  region  that  is  enclosed  by  the  concrete  confinement  collar  at  the  base  of  the 
second  story  column.  In  simulations  E125DL  -  E200DL,  compressive  shifts  occur  at  elapsed  times  of 
approximately  3.0  sec,  though  behavior  continues  to  be  linear.  The  offsets  indicate  damage  occurred. 
Compressive  yield  strain  is  reached  in  simulation  E200N,  at  the  time  of  structural  failure. 

Gages  S2Z2  and  S2Z3  were  located  directly  below  the  second  floor  slab.  Gage  S2Z2  was  located 
on  an  inside  middle  reinforcing  bar  in  the  NW  column.  The  gage  is  in  a  region  of  the  model  that  suffered 
severe  surface  cracking  during  the  simulations.  Torsional  cracking  of  the  spandrel  beam  on  both  sides  of 
the  column,  and  flexural  cracking  of  the  column  at  the  bottom  edge  of  the  spandrel  beam,  progressed  during 
these  simulations.  Post-test  surveys  revealed  a  small  (1/16")  offset  along  the  flexural  crack  line  adjacent  to 
the  gage.  The  gage  probably  registered  strains  that  were  caused  by  the  localized  effects  of  the  spandrel 
damage.  Its  failure  following  simulation  E100N  may  have  been  caused  by  the  spandrel  failure. 

Gage  S2Z3  was  located  on  one  of  the  north  face  reinforcing  bars  in  the  west  centerline  column, 
within  the  region  that  is  confined  by  the  column  collar  for  the  second  story  VED  braces.  At  approximately 
11  sec  into  simulation  E125N,  there  is  a  brief  drop  in  the  measured  strain  that  parallels  similar  drops  in 
other  gage  measurements,  indicating  a  time  of  damage  accrual  in  the  structure. 

(b)  Slab  Reinforcement 

Gages  S1X5,  S1X14,  and  S1X16  were  on  first  floor  slab  reinforcing  bars  on  the  north  side  of  the 
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west  centerline  column.  Gages  S 1X5,  S 1X14,  and  S 1X15  were  located  in  the  “column  strip,”  while  gage 
S 1X16  was  located  in  the  “middle  strip,”  of  the  slab  longitudinal  reinforcement.  The  column  strip  is  a  40 
in  wide  zone,  centered  on  the  column  centerline,  and  the  middle  strip  is  a  40  in  wide  zone  between  adjacent 
column  strips  (Figure  2.15).  Half  of  the  slab  top  reinforcement  was  concentrated  in  the  14  in  center  width 
of  the  column  strip.  Gage  locations  were  chosen  to  provide  insight  into  the  “effective  slab  width”  for 
flexural  response. 

In  gage  S1X5,  tensile  and  compressive  strains  in  simulations  E010DL  -  T210DL  remain  well 
below  yield.  Tensile  strains  drop,  while  compressive  strains  continue  to  increase,  in  simulations  E150DL 
and  T315DL.  In  simulations  E200DL  and  T420DL,  strains  reduce  significantly.  In  simulations  E025N  - 
E200N,  measured  strains  are  less  than  15%  of  yield.  Bar  slip  appears  to  occur  increasingly,  commencing 
in  simulation  E075N.  Cracking  occurred  on  the  top  of  the  slab  near  this  gage  very  early  in  the  testing. 
With  only  14"  concrete  cover,  it  seems  likely  that  the  closely  spaced  top  bars  lost  concrete  bond,  reducing 
their  effectiveness. 

Gage  S1X14  was  east  of  gage  S1X5,  but  still  in  the  slab  “column  strip”  and  within  the  region  of 
concentrated  top  reinforcement.  In  simulations  E010DL  -  T420DL,  compressive  strains  are  extremely 
small.  Tensile  strains  during  those  simulations  are  dominated  by  a  small  number  of  large  “spikes,”  with 
otherwise  very  small  magnitudes.  The  spikes  occur  simultaneously  with  significant  structural 
displacements  and  correspond  to  the  instants  of  peak  tensile  strains  in  the  other  slab  bars.  The  spikes  are 
initially  smaller  than  the  corresponding  strains  in  gage  S 1X5;  by  simulation  E075DL,  they  roughly  equal 
the  corresponding  strains  in  gage  S1X5.  In  simulations  E100DL  -  T420DL,  the  spikes  exceed  the 
corresponding  strains  in  gage  S1X5.  Tensile  yield  is  reached  in  simulations  E200DL  and  T420DL,  and  in 
simulations  E075N  -  E200N.  In  simulation  E150N,  peak  tensile  strains  drop,  and  significant  high 
frequency  signals  are  recorded,  commencing  at  approximately  6  sec  into  the  simulation.  In  simulations 
E025N  -  E200N,  strains  measured  by  gage  S1X14  are  much  larger  than  those  measured  by  gage  S1X5. 
This  gage  is  also  in  the  area  that  visibly  cracked  on  top  of  the  slab.  It  is  likely  that  the  cracking  affected 
bond  in  the  local  area,  reducing  the  effectiveness  of  the  bar.  Above  some  “triggering”  lateral  displacement 
level  in  the  structure,  the  bar  was  probably  engaged  through  bond  in  adjacent  uncracked  areas.  As  bond 
deterioration  lessened  the  effectiveness  of  the  bars  closer  to  the  center  of  the  column  strip,  the  bar 
monitored  by  gage  S1X14  attracted  more  force.  The  strain  fluctuations  that  occurred  during  simulation 
E150N  were  paralleled  by  similar  high  frequency  strains  in  gage  S1Z8.  Localized  concrete  cracking 
apparently  affected  the  joint  behavior.  First  mode  frequency  data  registered  a  clear  frequency  reduction  in 
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this  simulation. 

Gage  S 1X16  was  in  the  slab  “middle  strip.”  With  increasing  PGA,  maximum  strains  in  gage 
S 1X16  increase  more  rapidly  than  the  strains  in  gages  S 1X5  and  S 1X14.  In  simulations  E200DL  and 
T420DL,  maximum  tensile  strains  are  constant  but  compressive  strains  increase.  In  simulations  E125N  - 
E200N,  the  rate  of  increase  in  tensile  strains  decrease,  while  the  rate  of  increase  in  compressive  strains 
accelerates.  In  simulations  E025N  -  E200N,  maximum  tensile  strains  exceed  those  measured  in  gage 
S1X5.  The  increasing  strains  in  gage  S1X16,  with  increased  lateral  displacement,  indicate  more  of  the  slab 
width  participates  in  the  lateral  load  resistance  mechanism. 

Gages  S1X11,  S1X12,  and  SI XI 3  were  on  reinforcing  bars  in  the  first  floor  slab  adjacent  to  the 
NW  column.  These  bars  were  bent  90°  down  into  the  spandrel  beam,  at  approximately  the  middle  of  the 
spandrel  beam  width  (Figure  2.15).  Gages  S 1X1 1  and  S 1X12  were  located  in  the  column  strip  zone  of  the 
slab,  while  gage  S 1X13  was  located  in  the  middle  strip  of  the  slab. 

Gage  S1X1 1  was  located  within  the  spandrel  beam  width  and  in  the  slab  “column  strip,” 
approximately  Va"  into  the  spandrel  beam  width,  measured  from  the  inside  face  of  the  spandrel  beam.  The 
location  inside  the  spandrel  beam  width  was  inadvertent  and  limited  the  usefulness  of  the  data  recorded.  By 
its  being  inside  the  spandrel  beam  width,  the  longitudinal  flexural  moments  and  associated  reinforcement 
strains  were  below  the  maxima  measured  in  the  slab.  In  addition,  the  larger  depth  of  the  spandrel  beam, 
relative  to  the  slab  depth  will  reduce  flexural  strains  for  a  given  applied  moment.  In  simulation  E125N, 
there  is  a  brief  inconsistency  at  approximately  1 1  sec  into  the  simulation.  In  simulation  E150N,  maximum 
strains  do  not  exceed  those  of  simulation  E125N,  and  all  strains  reduce  significantly  at  approximately  7  sec 
into  the  simulation. 

Gage  S1X12  was  located  east  of  gage  S1X11  and  in  the  slab  “column  strip,”  approximately  Va" 
into  the  slab  span  from  the  inside  (south)  face  of  the  spandrel  beam.  In  simulation  E125N,  there  is  a  brief 
inconsistency  at  approximately  11  sec  into  the  simulation.  In  simulation  E150N,  maximum  tensile  strains 
increase  significantly;  there  is  a  significant  permanent  tensile  offset,  at  approximately  3.5  sec  into  the 
simulation,  with  a  residual  strain  of  twice  the  yield  strain.  This  gage  recorded  larger  strains  than  at  any 
other  location,  exceeding  unconfined  concrete  crushing  strains  in  several  simulations.  This  region  is  very 
close  to  the  zone  of  significant  cracking  that  resulted  from  torsional  failure  of  the  spandrel  beam.  The  large 
permanent  offset  in  simulation  E150N  indicates  that  significant  damage  occurred  and  parallels  significant 
reduction  in  observed  first  mode  frequency. 
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Gage  S1X13  was  east  of  gage  SIX  11  and  in  the  slab  “middle  strip,”  approximately  1"  into  the  slab 
span  from  the  inside  face  of  the  spandrel  beam.  Strains  are  dominated  by  compressive  strain  spikes  that 
are  similar  to  the  tensile  spikes  observed  in  the  records  for  gage  S 1X14;  magnitudes  of  these  spikes 
increase  more  rapidly  than  the  PGA.  A  small  compressive  offset  remains  following  simulation  E200DL. 

In  simulations  E075N  -  E200N,  maximum  tensile  strains  gradually  decrease,  and,  by  simulation  E100N, 
net  compressive  strain  offsets  remained  after  each  simulation.  Once  net  compressive  strains  occur,  there  is 
also  evidence  of  bar  slip.  The  small  tensile  strains  indicate  that  the  effective  slab  width  for  negative 
moment  lies  within  the  slab  column  strip.  The  high  compressive  strains  and  the  observed  permanent 
compressive  offsets  likely  reflect  a  wider  required  slab  width  to  develop  positive  moment  strength.  While 
the  positive  moment  (bottom)  steel  ratio  almost  equals  the  negative  moment  (top)  steel  ratio  in  the  column 
strip  (Table  2.4),  the  bottom  steel  is  not  bent  into  the  spandrel  beam,  so  the  full  tensile  capacity  of  any 
given  bar  is  not  as  likely  to  develop  as  it  is  for  the  top  steel. 

5.10  Summary  of  Observed  Responses 

This  section  provides  a  qualitative  overview  of  the  model’s  condition  as  the  testing  progressed. 
Observed  surface  conditions  of  the  model  and  interpretations  of  the  recorded  data  are  combined  to 
characterize  the  condition  of  the  model.  The  conditions  of  the  model  prior  to  the  earthquake  simulations, 
during  the  simulations  with  VEDs  installed,  and  during  the  simulations  following  removal  of  the  VEDs  are 
discussed. 

(a)  Pretest  Condition  of  the  Structure 

Prior  to  the  beginning  of  the  testing  and  before  the  data  acquisition  system  had  been  activated,  the 
shaking  table  system  “self-initiated”  a  yawing  motion  when  its  hydraulic  system  was  being  energized.  The 
shaking  table’s  SE  horizontal  actuator  began  pulsing,  and  the  other  horizontal  actuators  activated  to  offset 
its  motions.  The  shaking  table  operator  manually  shut  down  the  system,  but  yawing  oscillations  of  the 
table  and  model  damaged  the  model.  Surface  crack  examination  revealed  the  patterns  seen  in  Figures  4.38 
-  4.47.  Hairline  cracks  were  found  in  all  outside  columns,  spandrel  beams,  and  floor  slabs.  Column  cracks 
appeared  to  be  minor,  largely  centered  on  areas  of  thin  concrete  cover  over  ties.  The  spandrels,  on  all 
floors  experienced  torsional  cracks  on  either  side  of  each  outside  column.  Significant  hairline  cracking 
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occurred  in  the  northern  and  southern  ends  of  the  bottoms  of  the  floor  slabs,  particularly  on  floors  one  and 
two.  In  addition,  circular  cracks  in  the  comers  of  the  floor  slabs  developed.  Some  cracking  developed  on 
the  tops  of  the  floor  slabs  around  the  perimeters  of  the  center  columns  on  floors  one  and  two.  These 
mechanisms  reduced  the  stiffness  properties  of  the  model  below  those  that  would  be  expected  based  on 
“uncracked”  section  properties. 

Before  the  earthquake  simulations,  low-level  WNTs  were  conducted.  Without  any  VED  bracing, 
the  first  modal  period  was  0.53  sec.  The  first  mode  equivalent  viscous  damping  ratio  was  6.7%.  With 
large  VEDs  installed,  the  first  mode  period  was  about  0.30  sec,  with  a  corresponding  equivalent  viscous 
damping  ratio  of  about  30%.  An  additional  WNT  was  conducted,  in  which  the  VEDs  were  replaced  by 
steel  braces.  In  this  case,  the  first  mode  period  was  0.12  sec,  with  an  equivalent  viscous  damping  ratio  of 
3.9%. 


(b)  Simulations  with  VEDs  Installed 

Initial  dynamic  characterizations  consisted  of  low  acceleration  WNTs.  At  the  outset  of  the 
simulations  with  VEDs  installed,  surface  inspections  showed  that  previous  cracks  in  the  joints,  slabs,  and 
spandrel  beams  had  extended  only  slightly.  Additional  WNTs  showed  essentially  no  change  in  modal 
frequency  characteristics. 

In  simulations  E010DL  -  E250DL,  global  response  of  the  structure  was  heavily  dominated  by  the 
VEDs,  Response  was  dominated  by  the  first  mode.  Story  shear  vs.  interstory  displacement  hystereses 
were  broad  and  consistent,  showing  good  energy  dissipation.  The  slopes  of  the  hysteresis  plots  show  only 
minor  changes  from  simulation  to  simulation,  indicating  that  major  damage  did  not  occur.  Measured 
stiffness  properties  gradually  decreased  in  simulations  E010DL  -  T3 15DL,  as  the  first  mode  period 
lengthened  from  0.35  sec  to  0.41  sec.  During  this  sequence,  the  normalized  (by  PGA)  interstory 
displacements  increase  by  approximately  50%;  normalized  floor  accelerations  remain  fairly  stable. 
Normalized  story  shears  parallel  floor  accelerations.  Equivalent  viscous  damping  in  the  system  was 
constant  at  approximately  40%. 

The  strain  dependence  of  the  VEDs  is  evidenced  by  their  decreasing  stiffness  over  the  sequence. 
However,  the  relative  portion  of  the  story  shear  transmitted  by  the  VEDs  increased  by  about  50%.  Both 
the  VEDs  and  the  baseline  structure  exhibited  stiffness  reduction.  The  VED  stiffness  reduction  is  due  to 
the  recoverable  properties  of  the  viscoelastic  material,  while  the  RC  structure  degraded  through  minor 
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damage.  Reinforcement  strain  gages  indicate  yielding  of  outside  column  reinforcement  at  the  second  story 
level  occurred  by  simulation  E075DL.  Yielding  of  outside  column  reinforcement  at  the  base  level  occurred 
by  simulation  E125DL.  Evidence  of  bar  slip  and  concrete  cracking  appeared  in  the  centerline  column 
reinforcement  at  the  first  floor  slab  level  by  simulation  E075DL.  Slab  reinforcement  adjacent  to  the 
spandrel  beams  began  yielding  in  simulation  E075DL.  Structural  deterioration  was  not  severe  enough  at 
that  point  to  affect  significantly  the  behavior  of  the  model.  Damage  mechanisms  continue  in  subsequent 
simulations  after  first  appearing,  gradually  increasing  the  degradation. 

In  simulations  E150DL  and  T3 15DL,  maximum  normalized  accelerations  and  story  shears  show 
significant  reductions,  indicating  more  distinct  stiffness  degradation  occurred.  Slab  reinforcement  strains 
near  the  first  floor  centerline  columns  indicate  that  reinforcement  bond  near  the  columns  deteriorated, 
shifting  flexural  strains  out  into  the  slab  width.  Reduced  tensile  strain  capacity  occurred  in  the  outside 
column  reinforcement  in  the  first  floor  joint  region. 

In  simulations  E200DL  and  T420DL,  maximum  normalized  accelerations  and  story  shears  again 
reduced.  The  first  mode  period  lengthened  significantly,  to  0.5 1  sec.  Previously  noted  reinforcement  strain 
trends  continued.  In  addition,  slab  reinforcement  strains  near  the  first  floor  centerline  columns  indicate  that 
reinforcement  bond  near  the  columns  deteriorated  further;  tensile  yield  occurred  in  bars  away  from  the 
center  of  the  column  strip;  and  middle  strip  reinforcement  strains  rose.  All  of  these  mechanisms  indicate 
more  of  the  slab  width  contributed  to  resistance  with  increasing  PGA.  Yielding  of  outside  column 
reinforcement  at  the  second  story  level  was  accompanied  by  bar  slip.  The  centerline  column  reinforcement 
at  the  second  floor  slab  level  reaches  yield  strain.  While  the  data  indicate  that  significant  degradation 
occurred,  observed  surface  cracking  changed  only  slightly  from  initial  observations.  Hairline  flexural 
cracking  in  the  slab  extended  somewhat,  while  torsional  cracks  in  the  spandrel  beams  also  extended  further. 
No  cracks  show  significant  widening. 

(c)  Simulations  with  VEDs  Removed 

Following  removal  of  the  VEDs,  the  model  stiffness  was  reduced,  as  evidenced  by  lower  natural 
frequencies,  and  the  inherent  equivalent  viscous  damping  was  slightly  higher,  compared  to  the  initial 
dynamic  characterizations.  As  measured  by  low  level  WNTs,  the  first  mode  period  lengthened  from  0.53 
sec  before  simulation  E010DL  to  0.65  sec  following  simulation  E250DL.  The  measured  equivalent 
viscous  damping  was  approximately  7%. 
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The  high  flexibility  of  the  slab-column  structure  resulted  in  significant  second  mode  response.  The 
second  mode  frequency,  approximately  5.0  Hz,  influences  the  floor  accelerations.  Maximum  normalized 
accelerations  on  floors  one  and  two  are  comparable  to  those  with  VEDs  installed,  while  those  on  floor  three 
are  lower.  Maximum  normalized  first  floor  accelerations  increased  through  simulation  E150N  before 
falling.  Maximum  normalized  second  floor  accelerations  increased  through  simulation  E100N  before 
falling.  Maximum  normalized  third  floor  accelerations  increased  through  simulation  E125N  before  falling. 
The  decreased  acceleration  maxima  are  indicators  of  the  onset  of  damage  mechanisms.  Story  shears  were 
affected  by  first  and  second  mode  responses  and  were  lower  than  story  shears  for  comparable  PGAs  with 
VEDs  installed.  Maximum  normalized  story  shears  increased  slightly  with  higher  PGA  through  simulation 
E150N,  before  falling  in  simulation  E200N.  Interstory  displacements  were  dominated  by  the  first  mode  but 
second  mode  influence  was  present.  In  simulations  E025N  -  E100N,  there  was  a  gradual  increase  in  the 
maximum  normalized  interstory  displacements  with  increased  PGA.  In  simulations  E125N  -  E200N, 
distinct  changes  occurred  in  the  displacement  records,  reflecting  damage  occurrence  in  the  model. 

Hysteresis  plots  showed  low  energy  dissipation  and  pinching. 

Whereas  the  simulations  with  VEDs  installed  resulted  in  a  gradual  softening  of  the  model  with  few 
instances  of  specific  damage,  the  simulations  without  VEDs  showed  several  distinct  periods  of  damage. 

In  simulations  E025N  and  E050N,  minor  damage  accrued.  Reinforcement  slip  occurred  in  the 
base  of  the  NW  first  story  column.  High  frequency  signals  in  the  strain  histories  of  the  column 
reinforcement  in  the  NW  first  floor  slab-column  joint  indicated  that  concrete  cracking  occurred  in  the 
region.  Reinforcement  yielding  occurred  in  the  column  reinforcement  at  the  west  centerline  first  floor  slab- 
column  connection.  Flexural  cracking  in  the  floor  slabs  gradually  lengthened  and  deepened.  The  first 
mode  period  measured  during  the  simulation  lengthened  from  0.78  sec  in  simulation  E025N  to  0.83  sec  in 
simulation  E050N. 

In  simulations  E075N  and  E100N,  slip  was  detected  in  the  column  reinforcement  at  the  west 
centerline  first  floor  slab-column  connection.  Reinforcement  slip  and  reduced  tensile  capacity  were  found 
in  the  floor  slab  adjacent  to  that  column,  and  in  the  floor  slab  adjacent  to  the  NW  first  floor  slab-column 
joint.  In  simulation  E075N,  hairline  flexural  cracks  appeared  at  the  base  of  the  first  story  of  the  west 
centerline  column.  In  simulation  E100N,  the  first  floor  spandrel  torsional  cracks  extended.  With  these 
minor  damage  mechanisms,  the  first  mode  period  remained  at  0.83  sec. 

In  simulation  E125N,  column  reinforcement  yielded  in  the  NW  first  floor  slab-column  joint.  At  the 
west  centerline  first  floor  slab-column  joint,  the  column  reinforcement  experienced  strains  that  were  large 
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enough  to  cause  concrete  crushing  in  unconfined  sections.  At  approximately  1 1  sec  into  the  simulation, 
irregularities  in  the  strain  histories  of  the  first  floor  slab  reinforcement  and  of  the  west  centerline  column 
reinforcement  at  the  second  floor  slab  level  were  recorded.  Torsional  cracking  in  the  first  and  second  floor 
spandrel  beams  extended.  The  first  mode  period  lengthened  to  0.85  sec. 

In  simulation  E150N,  deterioration  continued.  Large  strain  increases  occurred  in  the  first  floor 
slab  reinforcement  at  the  NW  slab-column  joint,  and  in  the  west  centerline  column  reinforcement  at  the 
second  floor  slab  level  at  approximately  3  sec  into  the  simulation.  Large  strain  decreases  occurred  in  the 
first  floor  slab  reinforcement  near  the  west  centerline  column  at  approximately  6  sec  into  the  simulation. 
Spandrel  torsional  cracking  extended  on  three  floor  levels.  Centerline  slab-column  joint  rotations  became 
large  enough  for  impacts  of  the  column  collars  to  cause  spalling  of  the  lower  surfaces  of  the  slab  concrete 
on  the  second  and  third  floor  levels.  The  first  mode  period  lengthened  to  0.92  sec. 

In  simulation  E200N,  all  active  reinforcement  strain  gages  registered  significant  irregularities.  At 
the  conclusion  of  this  simulation,  the  second  and  third  floor  spandrel  beams  had  severe  torsional  cracks. 
Concrete  cover  in  the  spandrel-column  joints  was  spalled.  Numerous  flexural  cracks  in  the  floor  slabs 
extended  full  width  and  full  depth.  The  first  mode  period  lengthened  significantly  to  1.32  sec. 

5.11  Primary  Observations  from  the  Experimental  Program 

The  testing  program  was  based  on  an  RC  slab-column  structure  that  was  constructed  in  the  1950's. 
The  structure  possessed  inherently  low  lateral  strength  and  stiffness  properties.  The  construction  detailing 
practices  of  the  1950's  also  lead  it  to  be  highly  nonductile.  The  testing  program  examined  the  use  of  VEDs 
placed  in  diagonal  braces  in  the  structure  as  a  means  of  seismically  retrofitting  it.  A  series  of  seismic 
simulations  was  run  on  the  retrofitted  model  using  the  USACERL  shaking  table.  The  input  motion 
intensities  of  the  simulations  were  increased  with  each  successive  simulation,  until  the  displacement  limits 
of  the  table  actuators  were  reached.  The  VEDs  were  then  removed,  and  the  model  was  again  subjected  to  a 
series  of  seismic  simulations  with  increasing  input  motion  intensities.  While  some  damage  accrued  in  the 
model  over  the  series  of  simulations,  useful  comparisons  can  be  made  of  its  behavior  with  and  without 
VEDs. 

Most  importantly,  the  VEDs  significantly  reduced  lateral  displacements  in  the  structure,  enhancing 
its  serviceability.  For  example,  in  simulations  E100DL  and  E100N,  the  0.4 lg  El  Centro  simulations  with 
and  without  VEDs,  maximum  interstory  drifts  in  the  second  story,  which  sustained  the  largest  interstory 
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drifts,  were  0.76%  and  1.76%,  respectively.  For  comparable  input  motion  intensities,  interstory  drifts  in  all 
stories  were  higher  in  the  simulations  without  VEDs.  In  both  the  simulations  with  VEDs  and  those 
without,  lateral  displacements  normalized  by  PGA  increased  slightly  with  increasing  PGA.  In  the  instances 
of  simulations  with  VEDs  present,  the  increasing  normalized  displacements  primarily  result  from 
reductions  in  the  stiffness  and  damping  contributions  of  the  VEDs  as  VED  strains  increase.  In  the 
simulations  with  no  VEDs  present,  the  increasing  normalized  displacements  resulted  from  inelastic 
behavior  in  the  RC  structure. 

Inertial  behavior  in  the  model  differed  from  its  displacement  response.  On  the  first  and  second 
floor  levels,  maximum  accelerations  in  the  simulations  with  VEDs  present  and  those  with  VEDs  removed 
were  comparable,  while,  on  the  third  floor  level,  maximum  accelerations  in  simulations  with  VEDs  present 
were  higher  than  in  those  with  VEDs  removed.  In  the  simulations  with  VEDs  present,  the  response  was 
dominated  by  the  first  mode,  while,  in  the  simulations  with  VEDs  removed,  second  and  third  mode 
responses  were  present.  The  second  mode  was  influential  in  the  acceleration  response  when  VEDs  were  not 
present.  For  example,  in  dynamic  analyses  that  were  conducted  for  Chapter  6,  isolation  of  the  first  mode 
base  shears  from  the  total  base  shears  showed  that  base  shears  were  50%  -  75%  higher  in  the  1  -  3  sec 
portion  of  the  El  Centro  simulations  when  all  modes  were  considered  than  when  only  the  first  mode  was 
considered.  Because  of  the  higher  mode  effects,  floor  acceleration  maxima  in  the  simulations  without 
VEDs  did  not  occur  simultaneously.  Story  shears  that  were  derived  from  the  floor  accelerations  and 
masses  showed  consistently  higher  first  (base)  and  second  story  shears  in  the  simulations  with  VEDs 
installed  than  in  simulations  without  VEDs  for  equal  input  motion  intensities.  Third  story  shears  were 
lower  in  the  simulations  without  VEDs  than  in  comparable  simulations  with  VEDs.  With  VEDs  installed, 
story  shears  normalized  by  PGA  remain  essentially  unchanged  with  increasing  PGA,  before  dropping 
substantially  in  the  simulations  with  PGA  >  0.6  g.  In  simulations  without  VEDs,  normalized  story  shears 
increased  slightly  with  increasing  PGA,  until  significant  structural  failure  occurred  in  simulation  E200N. 

In  the  simulations  with  VEDs  installed,  both  the  stiffiiess  and  damping  contributions  of  the  VEDs 
decreased  with  increasing  PGA.  Lower  stiffiiess  lowers  acceleration  response,  while  lower  damping 
increases  acceleration  response.  These  offsetting  factors  combined  to  hold  the  normalized  accelerations 
almost  constant  in  the  simulations  with  VEDs  installed. 

The  hysteretic  behavior  of  the  model  was  enhanced  by  the  addition  of  the  VEDs.  Story  shear  vs. 
interstory  displacement  plots  show  broad,  relatively  smooth  hysteresis  loops  in  simulations  with  VEDs 
installed.  In  contrast,  comparable  plots  for  simulations  with  VEDs  removed  show  the  highly  pinched  and 
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irregular  behavior  that  is  characteristic  of  RC  structures  that  do  not  have  ductile  reinforcing  details.  As 
evidenced  by  the  hysteresis  loops,  energy  dissipation  is  excellent  in  the  simulations  with  VEDs  installed. 
Over  90%  of  the  input  energy  in  those  simulations  is  dissipated  by  the  VEDs.  By  contrast,  in  the 
simulations  without  VEDs,  recoverable  energy  dissipation  is  poor,  and  most  energy  is  dissipated  through 
inelastic  damage  to  the  model. 

While  the  VEDs  greatly  improved  the  behavior  of  the  model  in  the  seismic  simulations,  the 
configuration  used  for  the  VEDs  was  found  to  be  inefficient.  The  VEDs  were  mounted  in  a  simple  chevron 
bracing  scheme,  attached  to  the  primary  structure  via  steel  column  collars  that  were  outfitted  for  the  model. 
The  high  rotational  flexibilities  of  the  joints  in  the  slab-column  structure,  coupled  with  the  rotational 
flexibilities  of  the  VEDs,  permitted  the  VED  braces  to  rotate  out  of  line  and  induced  P-Delta  effects  in  the 
braces.  This  lowered  their  effective  axial  stiffnesses.  This  problem  was  most  severe  in  the  third  story, 
where  the  VED  braces  had  almost  zero  stiffness.  These  rotations  prohibited  full  coupling  of  the  VED 
stiffness  and  damping  contributions  into  the  model,  so  that  currently  recognized  VED  design  techniques 
would  not  have  been  accurate.  A  manufacturer-related  overdesign  of  the  VEDs  probably  kept  this  problem 
from  being  worse  than  it  was,  because  the  overdesign  increased  VED  rotational  stiffiiess.  A  VED 
configuration  that  prevents  lateral  displacement  of  the  VED  would  greatly  enhance  VED  effectiveness. 

The  1950's-era  construction  details  were  significant  factors  in  the  structural  response.  The 
columns  had  insufficient  lap  splice  lengths  by  ACI  318-95  requirements  and  vulnerable  locations  right 
above  the  floor  levels.  Bar  slip  or  pullout  was  a  likelihood  in  severe  shaking.  The  column  collars  that  were 
installed  successfully  confined  the  column  concrete,  which  raised  the  effective  confined  strength  of  the 
concrete  and  thus  prevented  significant  bar  slip  from  occurring.  At  the  centerline  column  locations,  the 
floor  slab  bottom  steel  was  discontinuous,  in  violation  of  ACI  318-95  requirements.  Those  locations  were 
therefore  sources  of  concern  for  combined  shear  and  moment  transfer  failure,  which  could  be  catastrophic. 
No  serious  failures  occurred  in  those  regions.  On  the  other  hand,  the  wide  tie  spacing  in  the  spandrel 
beams  contributed  to  their  torsional  failure,  ultimately  leading  to  significant  structural  deterioration. 
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CHAPTER  6 

INTERPRETATIONS  OF  STRENGTH  AND  STIFFNESS  RESPONSE 


In  keeping  with  the  general  approach  of  Chapters  4  and  5,  this  chapter  examines  the  response  of 
the  model  during  the  El  Centro  seismic  simulations.  The  discussion  includes  a  brief  review  of  the  prevalent 
modeling  techniques  for  slab-column  structural  systems;  describes  recommended  techniques  for 
determining  column  and  slab  capacities  and  stiffnesses;  summarizes  the  techniques  presented  in  Chapter  2 
and  Appendix  D  for  modeling  viscoelastic  dampers  (VEDs);  and  briefly  describes  the  use  of  the  ETABS 
structural  analysis  program  [17].  Next,  using  the  ETABS  software,  several  of  the  El  Centro  simulations 
are  interpreted.  A  review  of  the  FEMA  273/274  [3 1]  requirements  for  analyzing  and  retrofitting  existing 
reinforced  concrete  slab-column  buildings  is  presented.  Finally,  a  summary  of  the  major  observations  of 
this  chapter  is  provided. 

The  ETABS  program  is  primarily  a  linear  model.  The  modeling  performed  for  the  following 
interpretations  did  include  the  use  of  a  nonlinear  damper  element,  so  the  time-histories  that  are  discussed 
include  limited  nonlinear  behavior  properties.  This  approach  provides  the  practical  advantage  of  being 
quickly  transferred  to  the  design  community,  because  of  its  widespread  use  of  ETABS  and  similar  models. 

6.1  General  Approach  to  Structural  Modeling 

Two-dimensional  analyses  of  one  column  line  of  the  two-bay,  three-story  structure  were  performed. 
Analysis  of  the  single  column  line  was  possible  because  of  symmetry  in  the  structure.  As  with  the 
experimental  portion  of  the  study,  input  motions  were  unidirectional,  parallel  to  the  longitudinal  axis  of  the 
structure. 

Section  13.7  of  ACI 318-95  continues  the  recommended  use  of  the  ACI  Equivalent  Frame  Method 
(ACI-EFM),  which  was  originally  developed  by  Corley  and  Jirsa  [13].  The  ACI-EFM  develops  substitute 
column  stiffness  properties  that  combine  the  effects  of  direct  moment  transfer  from  the  slab  to  the  column 
over  the  column  width  and  indirect  moment  transfer  from  the  slab  to  the  column  through  transverse 
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torsional  members.  The  flexibilities  of  the  columns  above  and  below  a  joint  and  the  transverse  torsional 
elements  are  summed  and  inverted,  yielding  the  equivalent  column  stiffness.  The  slab  is  modeled  as  a 
conventional  beam  element.  Variations  of  this  procedure  have  been  devised  in  terms  of  “extended” 
equivalent  column  and  “extended”  equivalent  beam  methods  [8],  Computing  the  torsional  element  models 
and  the  equivalent  column  stiffnesses  is  tedious  and  not  intuitive,  and  the  method  is  strictly  applicable  to 
single-story  models  only,  so  the  ACI-EFM  and  its  variants  are  not  ideal  approaches. 

An  alternative  to  the  ACI-EFM  is  the  effective  slab  width  method,  in  which  conventional  frame 
analysis  is  performed  on  a  modified  structural  model,  in  which  “beams”  are  substituted  for  the  slabs  in 
planar  analysis  of  frames  comprised  of  flat  slab  elements.  The  beams  are  typically  the  same  depth  as  the 
actual  slab,  and  beam  widths  are  adjusted  to  provide  a  conventional  rectangular  beam  whose  uniform 
rotational  properties  in  the  joint  regions  permits  the  same  amount  of  column  rotation  as  the  actual  slab, 
which  has  non-uniform  rotation  properties  across  its  width.  This  approach  was  initially  proposed  for  static 
load  analysis  based  on  elastic  finite  element  modeling,  by  Pecknold  [37]  and  others,  using  the  elastic 
stiffnesses  of  interior  slab-column  joints.  In  recent  years,  this  procedure  has  been  refined  to  account  for  the 
observed  behavior  of  both  interior  and  exterior  slab-column  joints  in  laboratory  experiments.  The 
technique  is  simpler  and  more  intuitive  to  employ  than  the  variants  of  the  ACI-EFM,  so  it  is  more 
appealing  to  the  designer.  For  that  reason,  the  analyses  in  this  report  are  based  on  the  effective  slab  width 
method. 

Sections  6.2  and  6.3  review  techniques  that  have  been  proposed  for  determining  the  strengths  and 
stiffnesses  of  the  column  and  equivalent  beam  elements  in  slab-column  structures.  Section  6.4  briefly 
reviews  the  VED  modeling  procedures  that  are  presented  elsewhere  in  this  report.  Section  6.5  describes  the 
fabrication  of  the  analytical  model  used  in  this  study,  and  Section  6.6  presents  the  results  of  the  analyses 
that  were  conducted. 

6.2  Determination  of  Member  Capacities 

This  section  summarizes  the  procedures  that  were  used  to  determine  the  flexural  and  shear 
capacities  of  the  column  and  slab  elements  in  the  test  structure,  and,  where  appropriate,  lists  calculated 
capacities.  No  design-related  strength  reduction  (“<J>”)  factors  were  applied  to  member  capacities,  and  no 
code-specified  load  factors  were  applied  to  member  forces. 
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(a)  Column  Capacities 


Conventional  axial  load-moment  interaction  diagrams  were  constructed  using  the  “BIAX” 
computer  program  [48].  Concrete  tensile  strength  and  tension  stiffening  (contribution  of  concrete  strength 
between  cracks)  of  the  concrete  were  considered.  Material  properties  used  in  the  BIAX  models  were 
chosen  to  represent  the  observed  properties  of  the  reinforcement  and  concrete  in  the  model.  Four  different 
interaction  diagrams  were  developed  for  both  the  exterior  columns  and  the  interior  (centerline)  columns. 
Two  interaction  diagrams  represent  the  column  capacities  incorporating  the  #3  bars  that  were  stubbed  up 
from  the  base  girder,  while  two  represent  the  column  capacities  incorporating  the  annealed  wire  that  was 
used  above  the  first  story  level.  For  each  reinforcement  configuration,  there  is  one  interaction  diagram 
based  on  the  average  concrete  unconfined  compressive  strength  (fc  )  of  5.9  ksi  and  one  interaction  diagram 
based  on  a  higher,  confined  compressive  strength  for  the  column  lengths  that  were  covered  by  the  VED 
brace  collars.  As  explained  in  Chapter  2  and  Appendix  A,  the  collars  were  installed  in  a  manner  that 
effectively  confined  the  concrete.  The  confined  concrete  compressive  strength  in  the  columns  was 
estimated  as  15.8  ksi,  at  a  corresponding  strain  of  1.9%  [36]: 
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In  Equation  6.1,//  and  //  represent  the  effective  confining  stresses  in  the  orthogonal  randy  dimensions  of 
the  column  cross-section,  px  and  py  are  the  section  area  ratios  of  the  confining  steel  to  core  concrete,  and  K, 
is  a  confinement  stress  coefficient.  For  rectangular  sections,  K,  is  0.75.  If  the  confining  stresses  are 
unequal,  Reference  36  provides  a  graphical  means  of  deriving  //  and //.  They  were  assumed  equal  here. 
In  Equation  6.2,//  represents  the  confined  concrete  compressive  strength.  In  Equation  6.3,  ea  represents 
the  concrete  strain  at  peak  stress,/,.’ . 

Table  6. 1  lists  the  material  properties  used  in  the  BIAX  models,  and  Figures  6.1  -  6.4  plot  the 
appropriate  material  stress-strain  curves  and  column  interaction  diagrams.  Material  properties  were  not 
adjusted  for  strain  rate  effects  (which  tend  to  increase  observed  strengths)  or  cyclic  loading  effects  (which 
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tend  to  decrease  observed  strengths). 

Tension  splice  lengths  for  the  column  longitudinal  reinforcement  were  6"  for  the  D7  bars  in  the 
exterior  columns  and  6-3A"  for  the  D9  bars  in  the  interior  columns  (Figures  2.23  and  2.24).  The  splice 
zones  were  confined  by  the  column  collars,  so,  in  computing  tension  splice  lengths  required  to  satisfy 
current  American  Concrete  Institute  (ACI)  requirements,  the  concrete  compressive  strength  was  assumed  to 
be  15.8  ksi.  Application  of  Sections  12.2.2, 12.2.3,  and  21.5.4  of  ACI  318-95  [7]  results  in  required 
minimum  tension  splice  lengths  of  4.24"  and  4.41",  for  the  D7  and  D9  bars,  respectively.  Because  these 
required  lengths  are  less  than  the  provided  lengths,  no  reduction  in  the  flexural  capacities  of  the  columns 
was  applied  to  account  for  anticipated  bar  slip  in  the  splice  zone.  While  the  reinforcement  strain  gage  data 
indicates  some  slip  may  have  occurred,  the  lack  of  significant  observed  concrete  cracking  in  the  splice 
zones  indicates  slip  was  minimal.  For  the  unconfined  concrete  compressive  strength  of  5.9  ksi,  the  splice 
lengths  provided  would  have  been  insufficient,  resulting  in  reduced  column  flexural  capacity. 

Column  shear  strengths  were  determined  by  summing  Equations  11-3  and  11-15  of  ACI  318-95, 
which  are  repeated  here: 
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In  Equation  6.4,  Vc  is  the  concrete  diagonal  tension  (shear)  strength,  bw  is  the  column  width,  and  d  is  the 
effective  flexural  depth  of  the  column.  In  Equation  6.5,  Vs  is  the  shear  strength  provided  by  column  ties  or 
stirrups,  Av  is  the  area  of  shear  reinforcement  at  a  spacing  of  s,  and  fy  is  stirrup  steel  yield  stress.  This 
approach  conservatively  ignores  the  benefit  of  the  column  compressive  loads  on  the  concrete  diagonal 
tension  strength.  Column  ties  were  spaced  at  4"  (Figures  2.23  and  2.24)  and  had  a  yield  strength  of  100  ksi 
(which  exceeds  that  allowed  by  ACI  318-95).  The  exterior  column  shear  strengths  were  9.9  kips  and  12.4 
kips  in  the  unconfined  and  confined  zones,  respectively.  The  interior  column  shear  strengths  were  6.5  kips 
and  8.5  kips  in  the  unconfined  and  confined  zones,  respectively.  These  column  strengths  also 
conservatively  ignore  the  abilities  of  the  column  collar  assemblies  to  transmit  lateral  shear  forces.  If  the 
column  tie  strength  were  40  ksi  instead  of  100  ksi,  the  exterior  column  shear  strengths  would  be  about  3 
kips  lower,  and  the  interior  column  shear  strengths  would  be  about  2  kips  lower. 
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(b)  Slab  Flexural  Capacities:  Interior  Column  Connections 


While  the  determination  of  column  capacity  is  straightforward  and  standardized  through  the 
provisions  of  ACI  318-95,  analysis  of  the  flexural  capacities  of  flat  slabs  is  more  complex  and  still  the 
subject  of  considerable  research  effort.  The  moment  transfer  mechanism  in  a  slab-column  connection  is 
quite  different  from  that  of  a  beam-column  connection,  with  loads  transferred  through  a  combination  of 
slab  flexure,  shear,  and  torsion.  The  procedure  used  in  ACI  318-95  is  the  eccentric  shear  stress  model, 
which  is  based  on  the  Di  Stasio  and  Van  Buren  research  reported  in  Reference  14.  In  this  model,  the 
vertical  shear  and  a  portion  of  the  unbalanced  moment  at  the  slab-column  connection  are  assumed  to  be 
carried  by  a  linear  variation  of  the  shear  stress  in  the  slab  at  a  critical  perimeter  around  the  column,  while 
the  remaining  portion  of  the  unbalanced  moment  is  assumed  to  be  carried  in  flexure  by  a  specified  effective 
slab  width.  Other  researchers  have  developed  various  “beam  analogies”  to  determine  slab-column 
connection  strengths.  The  Park  and  Islam  beam  analogy  [21,  35]  models  the  connection  as  a  series  of 
beams  that  frame  into  all  four  column  faces,  at  a  distance  of  Vi  d  (effective  depth  of  slab  in  flexure)  from 
the  column  face.  Unbalanced  moment  transfer  capacity  is  computed  as  the  sum  of  the  appropriate  flexural, 
shear,  and  torsional  strengths  of  the  beams  that  frame  into  the  column.  Hawkins  refined  the  Park  and  Islam 
model,  adding  slab  reinforcement  contributions  to  the  beam  torsional  strength  [18,  19]. 

More  recently,  modifications  of  the  basic  ACI  approach  have  been  studied  and  proposed  by  a 
number  of  researchers  [E.G.  15,  25,  and  41].  The  most  recently  published  study  [25],  by  Luo  and  Durrani, 
examines  the  data  base  of  previous  experimental  research.  The  study  finds  that  the  eccentric  shear  stress 
model  is  not  very  accurate  and  develops  new  unbalanced  moment  models  that  also  consider  the  flexural 
reinforcement  ratio  of  the  slab  top  steel  and  the  gravity  shear  ratio  at  the  connection.  Briefly,  Luo  and 
Durrani  suggest  that  as  the  gravity  shear  ratio  (V/4Ac/fc)  increases,  the  mode  of  connection  failure 
changes  from  flexure-dominated  to  punching  shear-dominated;  and,  that,  as  the  slab  top  steel  ratio 
inrrpggpg  the  fraction  of  the  unbalanced  moment  transferred  by  shear  decreases.  Because  the  procedures 
proposed  by  Luo  and  Durrani  represent  an  alternative  to  the  recognized  ACI  procedure,  both  approaches 
will  be  examined. 

Section  13.5.3.2  of  ACI  318-95  requires  that  a  fraction  of  the  unbalanced  moment  at  the  joint  be 
transferred  in  flexure  by  a  width  of  slab  that  extends  1-14  slab  thicknesses  on  either  side  of  the  column.  In 
the  connection  under  study,  this  effective  width  is  12-"%  inches.  The  fraction  is  specified  by: 
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7f  = 


(6.6) 


In  this  instance,  and  b2  are  the  column  dimensions,  both  equaling  five  inches,  so  y ^  is  0.6.  Therefore: 


Knt  * 


M. 


0.6 


=  1.67M. 


(6.7) 


In  this  equation,  is  the  imbalanced  moment  capacity  of  the  connection,  and  A/„.w  is  the  moment 
transfer  capacity  of  the  effective  slab  width  (sum  of  positive  and  negative  moment  strengths). 

Section  11.12.6.2  of  ACI 318-95  requires  that  satisfy  the  eccentric  shear  stress  model: 
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(6.8) 


In  Equation  6.8,  ve  is  the  allowable  concrete  shear  strength  Vu  is  the  applied  shear  force  at  the 

joint,  Ac  is  the  area  of  the  critical  section,  Jc  is  a  property  of  the  critical  section  that  is  analogous  to  its  polar 
moment  of  inertia,  c,  is  the  column  dimension  in  the  direction  of  bending,  d  is  the  effective  depth  of  the 
slab,  and  yv  is  the  quantity  (1  -yj),  which  here  is  0.4.  The  smaller  of  Equations  6.7  and  6.8  would  represent 
the  maximum  permissible  unbalanced  moment  using  the  ACI  procedure.  Equation  6.7  signifies  slab 
flexural  yielding,  while  Equation  6.8  signifies  a  slab  punching  shear  failure.  The  yielding  predicted  by 
Equation  6.7  would  be  more  ductile  than  yielding  based  on  Equation  6.8.  Using  Equation  6.7,  is 
found  to  be  50  inch-kips.  In  that  instance,  the  negative  moment  capacity  is  computed  using  the  negative 
moment  reinforcement  in  the  effective  slab  width,  and  the  positive  moment  is  computed  using  the  cracking 
moment  of  the  effective  slab  width,  since  the  bottom  steel  is  discontinuous  through  the  column  zone.  Using 
Equation  6.8  and  the  gravity  load  shears  found  in  the  ETABS  analyses  for  Floors  1,  2,  and  3,  is  found 
to  be  75  inch-kips,  74  inch-kips,  and  77  inch-kips,  respectively.  Yielding  of  the  slab  flexural  reinforcement 
in  the  ACI-specified  slab  width  should  be  accompanied  by  engagement  of  more  of  the  total  slab  width,  so 
catastrophic  failure  should  not  occur  until  the  punching  shear  limit  is  reached.  A  check  of  the  negative 
moment  capacity  of  the  total  slab  width  shows  a  capacity  of  83  inch-kips,  which  slightly  exceeds  the 
predicted  unbalanced  moment  capacity  using  Equation  6.8. 

In  References  15  and  16,  Durrani,  et  al,  suggest  reducing  ve  by  Q.lSff.'  for  every  one  percent 
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increase  in  lateral  drift  that  occurs  to  account  for  the  reduced  area  of  slab  that  is  available  for  shear 
resistance  as  the  slab  cracks  under  cyclic  load  reversals.  Reference  25  portrays  this  relationship  between 
drift  and  capacity  graphically. 

In  Reference  25,  Luo  and  Durrani  first  propose  a  refinement  of  the  ACI 318-95  procedure  that 
recalculates  yv  as  a  function  of  the  top  slab  reinforcement  steel  ratio  in  the  joint  region: 


rv  =  i.i  -  i 


(6.9) 


In  Equation  6.9,  pte  represents  the  steel  ratio  of  the  top  slab  reinforcement  in  the  direction  of  bending.  In 
this  instance,  yv  is  0.32.  This  modified  yv  results  in  a  larger  permissible  (93-95  inch-kips)  using 
Equation  6.8,  indicating  a  higher  that  is  governed  by  punching  shear  capacity  than  is  predicted  by  the 
current  ACI  procedure. 

Luo  and  Durrani  also  propose  a  completely  different  approach  to  determining  This  approach 
first  calculates  an  effective  beam  width  that  considers  both  gravity  load  and  the  approximate  slab  width 
that  with  uniform  rotation  across  its  width,  yields  the  same  column  displacement  as  the  full  slab  width  with 
the  actual  non-uniform  rotation  distribution  across  its  width: 


b'jgr  -  X  cc  i  h 


(6.10) 


In  Equation  6. 10,  l2  is  the  full  width  of  the  slab  transverse  to  bending  (from  column  center  to 
column  center),  X  is  a  width  reduction  factor  that  accounts  for  gravity  load  influence,  and  a,  is  the  effective 
width  factor.  The  factors  are  derived  as  follows: 

Zj  =  1-0.4  -£j=  (6.11) 
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Previously  undefined  terms  in  Equations  6.11  and  6. 12  are  Vg,  the  gravity  load  shear,  and  lh  which  is  the 
center  to  center  column  spacing  in  the  span.  The  right-hand  term  in  Equation  6.11  (V/4Acffc)  is  the 
gravity  shear  ratio,  which  here  is  0.275,  indicating  that  punching  shear  of  the  slab  is  the  likely  failure  mode 
[27],  Equation  6. 12  is  a  simplification  of  earlier  elastic  finite  element  analysis  work  that  was  performed  by 
Pecknold  [37], 

In  this  instance,  the  factor  a,  is  0.583,  and  the  factor  x  is  0.891,  0.888,  and  0.901,  for  Floors  1,  2, 
and  3,  respectively,  leading  to  an  average  effective  beam  width  of  41.7"  for  the  three  floors.  Using 

this  effective  width,  the  nominal  flexural  capacity  of  the  equivalent  rectangular  section  can  be  calculated  in 
the  usual  manner.  Luo  and  Durrani  suggest  that  may  be  determined  by  considering  force  equilibrium 
in  the  joint  region  (Figure  6.5): 

Mimb  =  Mut  +  n mn(MubtMstBia)  +  -  Vswin)  (6. 13) 

Previously  undefined  terms  in  Equation  6.13  are  the  nominal  flexural  capacity  of  b,g in  negative 

bending;  the  nominal  flexural  capacity  of  beff  in  positive  bending;  the  minimum  negative  or 

maximum  positive  moment  produced  at  the  connection  by  combined  gravity  and  lateral  loads;  V _ the 

maximum  shear  force  acting  on  the  column  face;  and  the  minimum  shear  force  acting  on  the  column 
face.  The  nominal  flexural  capacity  of  b^ in  negative  bending,  is  61  inch-kips.  Since  the  slab  bottom 

steel  is  discontinuous  in  the  joint  region,  is  estimated  as  the  cracking  moment  (M„)  of  the  full  slab 
width  of  80  inches,  which  here  is  50  inch-kips.  This  approach  is  consistent  with  observations  made  in 
Reference  16.  Because  using  Equation  6.13  requires  the  applied  moment,  it  is  a  less  straightforward 
approach  to  determining  capacity  than  the  ACI 318-95  approach  or  the  modified  ACI  approach  that  uses 
Equation  6.9,  so  it  will  likely  not  be  as  readily  accepted  in  the  professional  design  community. 

(c)  Slab  Flexural  Capacities:  Exterior  Column  Connection 

In  Reference  24,  Luo  and  Durrani  review  the  techniques  that  have  been  proposed  for  determining 
the  strength  of  exterior  slab-column  connections.  Testing  of  laboratory  models  [27,  40]  has  shown  that  the 
ACI  eccentric  shear  stress  model  does  not  accurately  predict  the  strength  of  exterior  slab-column 
connections,  particularly  when  spandrel  beams  are  also  present  (as  is  the  case  here).  Moehle  [27]  and 
Robertson,  et  al  [40],  suggest  modifications  to  the  effective  moment  transfer  width  in  the  slab  as  a  means  of 
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more  accurately  predicting  moment  transfer  capacity.  ACI  Committee  352  [2]  suggests  predicting  the 
moment  transfer  capacity  when  spandrel  beams  are  present  as  the  smaller  of  the  slab  column  strip  flexural 
capacity  or  the  sum  of  the  torsional  capacities  (2T„)  of  the  spandrel  beams  that  frame  into  the  column  and 
the  flexural  capacity  of  a  slab  width  centered  on  the  column  that  equals  the  column  width  (Mc2).  This 
approach  may  be  expressed  as: 


(6.14) 

Luo  and  Durrani  note  that  this  approach  does  not  satisfy  equilibrium,  as  the  moment  that  is  created  by 
shear  forces  at  the  column  faces  is  ignored.  It  also  foils  to  specify  a  procedure  for  determining  the  spandrel 
torsional  capacity. 

Luo  and  Durrani  propose  a  refinement  of  the  ACI  352  approach: 

Munb  =  Mcl+c2  +  2 (kTc  +  x)<  Ml2  (6.15) 

In  Equation  6. 15,  Mc]+c2  is  the  flexural  capacity  of  a  slab  width  that  equals  the  sum  of  the  two  column 
dimensions,  Tc  is  the  torsional  capacity  of  the  concrete  in  the  spandrel,  Ts  is  the  contribution  of  spandrel 
stirrups  to  spandrel  torsional  capacity,  and  k  (=  2.0)  is  a  multiplier  that  accounts  for  spandrel  torsional 
strength  increase  that  is  due  to  the  confining  effects  of  the  slab.  The  inequality  that  includes  Mn  indicates 
that  the  unbalanced  moment  capacity  cannot  exceed  the  flexural  capacity  of  the  entire  slab  width. 

Luo  and  Durrani  consider  the  force  equilibrium  at  the  exterior  connection  to  determine 
(Figure  6.6): 
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In  Equation  6.16,  the  area  terms  are  defined  as  follows: 


Al+c2  ~  (C1  +  C2 
Abb  =  (ci  ~  B)h 

Apand  =  BH 

Z  A  =Acl+c 2  +  Aslah  +  Aspand 


(6.17) 


Using  the  definitions  of  Equations  6.16  and  6.17: 


K*  *  M'U'I  +  2 (*£  +  S)  +  0.5c,rcl«2  +  BVm  +  (b  -  Cj)^  (6.18) 

In  Equations  6.15  and  6.18,  the  torsional  strengths  are  determined  as: 


atAxlylfy 


(6.19) 


Terms  in  Equation  6.19  correspond  to  those  found  in  Sections  11.6.5  and  11.6.9  of  ACI 318-89  [6],  The 
calculation  of  Tc  using  Equation  6.19  yields  a  larger  torque  than  the  torsional  cracking  moment  in  the 
absence  of  beam  shear,  as  defined  in  Section  11.16.1  of  ACI  318-95  (14  inch-kips  vs  11  inch-kips).  These 
values  are  comparable  to  those  computed  using  a  truss  analogy  procedure  suggested  by  Zee  and  Moehle 
[49],  if  beam  shear  is  neglected. 

Equation  6.18  requires  knowledge  of  the  applied  shear.  The  equation  yields  slightly  higher 
allowable  unbalanced  moments  than  Equation  6.15.  Unless  Equation  6.18  yields  a  lower  estimate,  full  slab 
width  moments  will  govern.  The  procedure  of  Equation  6.15  is  likely  to  be  favored  by  designers  because  it 
does  not  require  knowledge  of  the  applied  shear  to  determine  Applying  Equation  6.15  yields  = 
84  inch-kips  (Mcl+c2  =  14  inch-laps,  Tc  =  14  inch-laps,  and  Ts  =  7  inch-kips).  Tc  and  Ts  are  defined  in 
Equation  6.19.  However,  Mn  is  67  inch-kips  for  negative  bending  and  50  inch-laps  (M^)  for  positive 
bending.  Those  lower  values  govern  the  allowable  value  for 
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6.3  Determination  of  Member  Stiffnesses 


This  section  summarizes  the  procedures  that  were  used  to  determine  flexural  stiffnesses  of  the 
column  and  slab  elements  in  the  test  structure.  These  quantities  are  required  for  characterizing  the 
structure  in  any  analyses  that  are  conducted.  Published  guidelines  were  used  for  initial  estimates  of 
member  stiffness  properties  and  then  adjusted  so  that  the  properties  of  the  analytical  models  closely 
resembled  the  observed  properties  of  the  test  model. 

(a)  Column  Stiffnesses 

Reference  36  suggests  using  an  effective  moment  of  inertia  (7,^-)  of  0.5  Ig  -  0.7  Ig,  for  columns 
loaded  axially  withP  =  0.2  fc'Ag.  The  reduction  from  gross  section  properties  reflects  the  consequences  of 
concrete  cracking  in  the  columns.  Column  properties  used  in  the  analyses  reported  here  are  listed  in  Tables 
6.2  and  6.3.  For  portions  of  the  column  heights  that  were  not  covered  by  column  collars,  7^  fell  in  the 
general  range  of  the  recommended  values.  In  the  regions  covered  by  column  collars,  1$ was  increased  to 
values  at  or  near  Ig.  This  increase  was  made  to  account  for  the  higher  stiffness  that  would  be  expected  in 
the  concrete  because  of  the  confining  effects  of  the  collars.  It  would  have  been  more  strictly  accurate  to 
adjust  the  modulus  of  elasticity  in  those  regions,  but,  since  other  stiffness  adjustments  were  made  via 
adjusting  moments  of  inertia,  the  same  approach  was  employed  here. 

(b)  Slab  Stiffnesses 

As  with  strength  definition,  there  has  been,  and  continues  to  be,  substantial  research  conducted 
concerning  the  effective  flexural  stiffness  of  flat  slabs.  As  the  approach  used  here  employs  the  effective 
beam  width  method,  the  discussion  focuses  on  developing  appropriate  widths  of  the  slab,  centered  on  the 
column  line,  that  result  in  plausible  stiffness  properties.  In  general,  some  faction  of  the  l 2  (span  length 
between  column  centerlines,  transverse  to  major  bending  direction)  and  the  full  slab  depth  are  used  in 
computing  the  “beam”  section  properties.  Two  reduction  factors,  a  and  P,  are  normally  applied  to  l2.  The 
factor  a  is  applied  to  reduce  the  beam  stiffiess  to  that  of  the  initial  uncracked  slab,  and  P  is  applied  to 
account  for  the  stiffness  reduction  that  is  due  to  cracking: 

be/T  =  ci  P  (6.20) 
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Vanderbilt  and  Corley  [47]  were  among  the  earliest  researchers  to  propose  this  approach  (1983). 

In  addition.  Reference  47  summarizes  the  results  of  research  from  1960  through  1978  that  led  to  those 
authors’  conclusions.  Moehle  and  Diebold  [28]  analyzed  a  two-story  shaking  table  model  using  this 
approach  in  1984.  Pan  and  Moehle  [34]  analyzed  beam-column  subassemblages  using  this  approach,  and 
Cano  and  Klingner  [8]  analyzed  small-scale  models  using  the  same  approach  in  1988.  In  those  works,  an  a 
coefficient  of  approximately  0.5  was  typically  used  for  geometric  conditions  that  were  similar  to  those  of 
this  study,  and  a  P  coefficient  of  0.33  was  used,  so  that  b#  would  be  about  0.165 l2.  In  Reference  25,  Luo 
and  Durrani  note  that  this  approach  tends  to  underestimate  the  slab  stiffness  at  low  drift  levels  and 
overestimate  the  slab  stiffness  at  high  drift  levels. 

Luo  and  Durrani  [25]  propose  using  Equation  6.10  to  derive  beff  to  compute  uncracked  stiffiiess 
properties  at  interior  connections,  effectively  making  the  effective  width  for  the  interior  connection  in  this 
study  0.52  l2.  They  recommend  using  Equation  9-7  of  ACI 318-95  to  vary  the  moment  of  inertia  from  this 
uncracked  condition  to  a  fully  cracked  condition,  requiring  knowledge  of  die  frilly  cracked  section 
properties  (fj)  and  cracking  moment  (M„): 
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If  one  assumes  that  the  ^determined  by  Equation  6.10  represents  the  uncracked  gross  section,  then  an 
effective  width  of  6^ could  be  used  to  calculate  Mm  and  an  effective  width  of  about  0.33  b€  could  be  used 
to  approximate  1„.  Using  this  approximation  results  in  a  fully  cracked  effective  width  of  0.17 12. 

In  Reference  26,  Luo  and  Durrani  calculate  a,  for  exterior  connections  as: 


Kg  • 

Kt  +  Ks 


(6.22) 


In  Equation  6.22,  Kt  is  calculated  using  Section  R13.7.5  of  ACI  318-95: 


Kt  =  I 


9EaC 


(6.23) 


Kt  is  die  torsional  stiffiiess  of  the  torsional  member,  which  includes  the  spandrel  beam  and  a  portion  of  the 
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adjoining  slab.  The  term  C  is  a  cross-sectional  constant  defined  as: 

C  =  Z  (l  -  0.63  ^  (6.24) 

In  calculating  C,  the  cross-section  of  the  torsional  member  is  broken  into  rectangular  areas  of  dimensions  x 
andy,  withx<y. 

In  Equation  6.22,  Ks  is  the  flexural  stiffiiess  of  the  slab  that  frames  into  the  exterior  connection  (Ks 
=  for  the  foil  slab  width),  and  x  is  defined  by  Equation  6.11.  This  procedure  results  in  an 

uncracked  effective  width  for  the  exterior  connection  in  this  study  of  0.73  l2,  and  a  fully  cracked  effective 
width  of  0.24 12. 

For  an  end  span,  Luo  and  Durrani  recommend  averaging  the  two  effective  widths  for  the  interior 
and  exterior  connections  for  the  member  properties.  This  procedure  would  result  in  an  uncracked  effective 
width  of  0.62  l2  and  a  cracked  effective  width  of  0.21 12  for  the  end  span,  which  would  be  the  case  in  this 
study. 

More  recently,  Robertson  [38,  39]  has  proposed  equivalent  beam  width  procedures  that  consider 
the  different  levels  of  cracking  that  typically  exist  in  different  locations  in  the  slab.  There  is  usually 
significantly  more  cracking  in  negative  moment  regions  of  the  slab  than  in  positive  moment  regions.  In 
addition,  the  concentration  of  top  slab  steel  in  the  column  regions  usually  results  in  a  smaller  width  of  slab 
resisting  negative  moment  than  the  width  that  resists  positive  moment.  This  results  in  lower  effective 
stiffiiess  in  negative  moment  regions  than  in  positive  moment  regions.  Robertson  proposes  a  procedure  for 
monotonic  lateral  force  analysis  that  breaks  each  slab  span  into  two  regions,  one  of  positive  moment 
influence  and  one  of  negative  moment  influence,  broken  at  the  approximate  point  of  contraflexure.  In 
Reference  38,  this  point  is  about  35%  of  the  span  length  from  the  negative  moment  end  of  the  span.  In 
Reference  39,  this  point  is  about  20%  of  the  span  length  from  the  negative  moment  end  of  the  span.  In 
Reference  38,  he  assigns  a  and  P  factors  for  each  of  the  regions,  for  drifts  of  0.5%  and  1.5%.  In  Reference 
39,  he  assigns  cc  and  P  factors  for  each  of  the  regions,  for  drifts  of  0.5%  and  1.0%.  These  factors  are  listed 
in  Table  6.4. 

The  data  in  Reference  38  are  based  on  tests  of  a  two  span  single  story  model,  while  the  data  in 
Reference  39  are  based  on  tests  of  a  three  span  single  story  model.  In  Table  6.4,  the  cracked  effective 
width  properties  proposed  in  References  38  and  39  for  0.5%  drift  are  consistent,  except  for  a  significant 
difference  at  the  interior  negative  moment  region.  In  the  experiments  conducted  in  the  current  study,  the 
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structure  reached  0.5%  interstory  drift  in  simulations  E075DL  and  T157DL,  1.0%  interstory  drift  in 
simulations  E125DL  and  T262DL,  and  1.5%  interstory  drift  in  simulations  E200DL  and  T420DL. 

Reference  38  shows  the  slab  cracking  patterns  that  were  observed  in  the  experimental  tests  upon 
which  the  factors  in  it  are  based.  Those  cracking  patterns  show  flexural  cracks  in  the  top  of  the  slab  that 
were  not  observed  in  the  current  study;  they  also  show  less  cracking  in  the  slab  bottom  at  mid-span  than 
was  observed  here.  The  different  observed  cracking  conditions  suggest  differences  may  exist  between  the 
effective  stiffnesses  observed  herein  and  those  from  the  Robertson  work. 

These  effective  width  factors  will  be  compared  to  the  effective  widths  used  in  the  analyses  in  the 
current  study.  It  is  noted  that  the  majority  of  the  analysis  in  the  current  study  is  time-history  analysis,  so 
the  joint  regions  undergo  moment  reversal.  The  factors  proposed  by  Robertson  will  thus  not  be  directly 
applicable.  Figure  6.7  shows  the  segments  of  the  slab  spans  that  were  used  in  the  analyses  of  the  present 
study.  Table  6.5  lists  the  effective  widths  for  the  various  segments  that  were  used  in  the  time  history 
analyses  that  were  conducted.  At  each  end  of  each  span,  there  is  an  8.20"  zone  of  narrower  effective  width. 
This  zone  roughly  reflects  the  areas  of  most  severe  cracking  degradation  that  were  observed,  but  the  exact 
distance  was  selected  because  it  matched  the  location  of  the  attachment  points  for  the  viscoelastic  Hamper 
(VED)  braces,  so  it  accommodated  the  required  model  geometry  well.  Each  end  zone  is  divided  into  two 
segments.  The  division  point  approximately  marks  a  distance  of  dshJ2  from  the  respective  column  free. 
This  dimension  was  selected  because  the  ACI-specified  shear  stress  checks  use  this  location. 

6.4  Viscoelastic  Damper  (VEDl  Modeling 

VEDs  were  modeled  using  procedures  outlined  in  Chapter  2  and  Appendix  D  of  this  report. 
Detailed  discussion  of  those  procedures  is  not  repeated  here. 

Recalling  that  the  VEDs  were  mounted  in  diagonal  braces  within  each  story,  they  were  modeled  by 
including  a  linear  truss  element  and  a  viscous  damping  dashpot  element  in  parallel  in  the  appropriate 
locations  in  the  structural  model.  The  linear  truss  element  was  given  an  axial  stiffness  ( AE/L )  that  was 
equal  to  the  damper  stiflhess  as  computed  by  Equation  2.21.  The  damping  coefficient  of  the  dashpot  was 
computed  using  Equation  2.22.  Damping  force  was  assumed  to  be  linearly  dependent  on  deformation 
velocity  (. F=CV ).  Equations  2.21  and  2.22  require  the  use  of  viscoelastic  material  properties  that  are 
ambient  temperature,  strain,  and  frequency  dependent.  Unpublished  3M  data  that  was  supplied  for  use  on 
the  project  was  used  for  determining  the  material  properties. 
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In  employing  Equations  2.21  and  2.22  to  define  the  stiffness  and  the  damping  coefficient  of  the 
VED,  some  degree  of  inaccuracy  is  built  into  the  modeling  procedure  because  the  material  properties  vary 
with  frequency  and  with  strain  magnitude.  Absent  a  more  sophisticated  damping  model,  the  analyst  is 
required  to  study  the  modal  frequencies  and  anticipated  maximum  displacements  to  select  the  appropriate 
material  properties.  In  the  design  process,  this  procedure  would  be  iterative.  Here,  with  known  responses 
in  the  experiments,  anticipated  and  actual  VED  characteristics  are  compared. 

Equations  2. 18  -  2.24  were  used  to  analyze  the  results  of  the  stiffness  and  damping  changes  that 
were  made  to  the  structure  with  the  addition  of  the  VEDs  to  it. 

6.5  ETABS  Modeling  Procedures 

Observation  of  the  model  response  during  the  earthquake  simulations  and  analysis  of  the  test  data 
led  the  author  to  believe  that  most  of  its  nonlinear  behavior  was  due  to  the  VED  behavior,  deterioration  of 
the  spandrel  beam  stiffness,  and  cracking  of  the  joint  regions.  None  of  these  mechanisms  is  well  modeled 
by  available  nonlinear  analysis  programs,  so  a  primarily  linear  model,  ETABS,  was  selected  for  use  in 
analysis.  It  has  the  advantage  of  being  widely  used  in  the  design  community.  If  its  use  in  the  present  study 
were  found  to  be  practical,  it  would  have  good  implications  for  field  application. 

ETABS  version  6.22  [17]  was  used  for  both  static  and  dynamic  analyses.  Because  of  the  lack  of 
observed  out-of-plane  motion  in  the  shaking  table  tests,  a  two-dimensional  model  of  one  column  line  of  the 
test  structure  was  used.  Calculated  story  shears  were  doubled  to  account  for  the  complete  structure. 

Figure  6.8  shows  the  idealized  ETABS  model.  Following  is  a  brief  description  of  the  key  features  of  the 
idealized  model  and  a  discussion  of  some  of  the  features  of  ETABS  that  are  significant  to  this  application. 

Columns  were  modeled  conventionally  using  the  procedures  outlined  in  Sections  6.2.(a)  and  6.3. 
The  slabs  were  modeled  as  equivalent-width  beams  using  the  procedures  outlined  in  Sections  6.2. (b)  and 
6.3.  Both  columns  and  slab-beams  were  divided  into  segments  that  permitted  the  use  of  varying  moments 
of  inertia  along  the  member  lengths.  VED  braces  were  modeled  with  two  separate  elements  in  each  VED 
location.  One  was  a  linear  truss  element,  and  the  other  was  a  linear  axial  damper  element,  as  described  in 
Section  6.4. 

The  truss  and  damper  elements  were  connected  to  the  frame  via  pinned  connections.  Although  the 
connections  in  the  actual  model  were  welded  to  prevent  rotation,  the  low  rotational  stiffness  of  the  VEDs 
was  estimated  to  allow  relatively  little  moment  to  be  transmitted  via  the  VED  braces.  Because  the 
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geometry  of  the  VED  braces  is  very  influential  in  governing  the  VED  deformations,  and  thus  their 
contribution  to  total  structure  stiffness  and  damping,  it  was  important  to  orient  the  braces  properly.  Steel 
elements  that  had  high  flexural  stiffness  were  used  to  link  the  structural  columns  to  the  braces. 

A  rotational  spring  was  located  at  the  base  of  each  column.  In  calibrating  the  structural  analysis 
models,  it  was  found  that  total  fixity  of  the  column  bases  resulted  in  the  first  story’s  columns  being  too  stiff 
before  significant  column  cracking  was  noted.  The  rotational  springs  were  therefore  added  to  calibrate  the 
analytical  models. 

The  three  floor  diaphragms  were  modeled  as  rigid  translational  elements,  so  all  columns  at  each 
floor  level  had  the  same  lateral  displacements. 

Column  P-Delta  effects  were  included  in  the  analyses.  ETABS  permits  the  use  of  rigid  zones  at 
beam-column  connections.  The  rigid  zone  can  be  sized  from  0%  to  100%  of  the  member  dimensions  in 
25%  increments.  In  these  analyses,  50%  of  the  connection  dimensions  were  considered  rigid 

ETABS  version  6.22  includes  a  nonlinear  uniaxial  damper  element,  with  F  =  CV*.  As  described  in 
Section  6.4,  this  element  was  employed  to  model  the  VEDs.  For  linear  time  history  analysis,  the  program 
converts  the  damping  coefficient,  C,  to  modal  damping,  assuming  that  damping  is  proportional  and  a  =  1. 
This  feature  was  useful  for  determining  equivalent  modal  damping  ratios  that  could  be  compared  to 
observed  damping  from  the  experiments. 

The  author  discovered  through  communications  with  ETABS  technical  support  personnel  that  the 
current  version  of  ETABS  does  not  include  vertical  dynamics.  This  is  not  clearly  documented  in  the 
software  literature.  Because  the  VED  elements  are  mounted  in  a  diagonal  configuration,  they  induce  some 
vertical  components  in  the  actual  structural  motions  that  are  therefore  not  considered.  In  discussing  this 
issue  with  the  technical  support  personnel,  the  author  concluded  that  global  responses  should  not  be 
seriously  affected  by  the  exclusion  of  vertical  dynamics,  but  the  calculation  of  column  forces  in  the 
structure  were  definitely  affected.  As  a  result,  a  separate  linear  time  history  analysis  with  damping 
converted  to  equivalent  modal  damping  was  used  for  calculating  column  forces.  This  approximation  does 
not  capture  the  hysteretic  behavior  of  the  damping  elements  in  the  reported  column  forces. 

Both  the  linear  time  history  analyses  and  the  static  analyses  that  were  conducted  excluded  the 
hysteretic  behavior  of  the  VEDs,  though  die  truss  elements  that  were  used  modeled  their  storage  stiffness. 
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6.6  Structural  Analyses 


This  Section  summarizes  the  results  of  the  dynamic  and  static  analyses  that  were  conducted. 

(a)  Initial  3M  Design  Calculations 

The  original  3M  VED  design  relied  upon  Equation  2.24  to  develop  a  damper  design  curve  that 
assumed  a  uniform  distribution  of  VED  elements  (I.E.,  all  VEDs  the  same  size)  in  the  model  and  focused 
on  the  first  mode  damping  and  frequency  characteristics  of  the  structure.  It  is  helpful  to  review  briefly  the 
assumptions  that  were  used  to  develop  the  analytical  model  that  was  used  in  defining  the  curve.  The 
analyses  that  supported  the  VED  design  were  based  on  assumed  conditions  before  model  construction  was 
completed. 

Because  the  3M  design  was  completed  before  final  construction  details  for  the  model  were 
developed,  the  actual  configuration  of  the  lead  floor  weights  was  unknown.  Total  floor  weights  were 
assumed  to  be  18.34  kips  on  each  of  the  first  and  second  floors,  while  the  third  floor  weight  was  assumed 
to  be  17.14  kips.  Actual  floor  weight  totals  were  20.1 1  kips  on  the  first  floor,  20.07  kips  on  the  second 
floor,  and  18.49  kips  on  the  third  floor.  The  effect  of  assuming  lower  floor  weights  than  the  actual  floor 
weights  is  that  the  initially  assumed  structural  frequency  would  have  been  somewhat  higher  than  the  actual 
frequency. 

Columns  were  considered  to  be  uncracked,  so  gross  section  properties  were  used.  A  uniform 
equivalent  slab  width  of  0.18  l2  was  used,  approximately  consistent  with  older  guidance  discussed  in 
Section  6.3 .  Column  bases  were  considered  to  be  fixed.  The  concrete  Ec  was  assumed  to  be  3,420  ksi, 
lower  than  the  4,400  ksi  that  was  observed.  While  assumptions  concerning  the  other  stiffness-related 
parameters  generally  increased  the  assumed  natural  frequency  of  the  model,  this  assumption  lowered  it. 

3M  engineers  assumed  0%  inherent  damping  in  the  baseline  model,  whereas  dynamic  testing 
showed  4%  -  5%  inherent  equivalent  viscous  damping.  3M  had  a  target  of  20%  first  mode  equivalent 
viscous  damping  with  VEDs  installed. 

With  the  assumptions  mentioned,  the  first  mode  period  of  the  baseline  (without  VEDs)  3M  model 
was  0.52  sec.  Story  shear  stiffnesses  were  48.3  kips/inch,  27.8  kips/inch,  and  19.9  kips/inch,  for  the  first, 
second,  and  third  stories,  respectively,  in  the  baseline  structure. 

The  3M  design  specified  a  uniform  VED  kd  of  1 1.86  kips/inch,  which  required  a  total  VED  pad 
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area  of  33.28  sq  in  (Equation  2,21,  with  G’=  0.356  ksi  and  T|v  =  1.0,  and  t  =  1.0").  3M  fabricated  pads  of 
18  sq  in,  for  total  pad  areas  of  36  sq  in,  in  each  VED. 

Without  changing  any  of  the  assumptions  concerning  the  stiffness  and  damping  properties  of  the 
structure,  but  employing  the  procedure  of  Equation  2.23,  required  VED  pad  areas  were  found  to  be  28.8  sq 
in,  16.6  sq  in,  and  1 1.9  sq  in,  for  the  first,  second,  and  third  story  VEDs,  respectively.  If  the  inherent 
equivalent  first  mode  viscous  damping  ratio  were  assumed  to  be  4%,  then  required  VED  pad  areas  dropped 
to  23.0  sq  in,  13.2  sq  in,  and  9.5  sq  in,  respectively.  All  of  these  quantities  were  significantly  below  the 
36.0  sq  in  provided  in  each  VED.  This  preliminary  check  of  the  VEDs  used  indicates  that  they  were 
probably  oversized  for  cost-effective  response  reduction  of  the  structure. 

Equation  2.23  shows  that  the  required  VED  stiffness  (and  hence  size)  is  proportional  to  the 
baseline  shear  stiffness  of  the  story  being  considered.  As  mentioned  above,  a  number  of  key  differences 
existed  between  the  assumptions  used  in  developing  the  3M  model  and  the  final  model  configuration.  By 
using  the  structural  model  developed  for  the  ETABS  dynamic  analysis  of  simulation  E050DL  in  Section 
6.6.(b),  and  removing  the  VED  braces  that  were  used  in  that  model,  a  more  accurate  depiction  of  the  model 
can  be  gained.  With  those  properties,  the  first  mode  period  of  the  baseline  (without  VEDs)  model  was 
0.45  sec.  Story  shear  stiffnesses  were  61.8  kips/inch,  40.6  kips/inch,  and  33.8  kips/inch,  for  the  first, 
second,  and  third  stories,  respectively,  in  the  baseline  structure.  At  an  excitation  frequency  of  2.5  Hz  and 
maximum  shear  strain  of  35%,  and  for  an  ambient  temperature  of  75°  F,  G  ’ «  0.289  ksi  and  T|v  *  1.38. 
These  properties  differ  from  the  properties  targeted  in  the  3M  design.  Assuming  an  inherent  4%  equivalent 
viscous  damping  ratio  and  targeting  a  total  first  mode  damping  ratio  of  20%,  the  required  VED  pad  areas 
were  found  to  be  22.2  sq  in,  14.6  sq  in,  and  12.2  sq  in,  for  the  first,  second,  and  third  story  VEDs, 
respectively.  Increasing  the  damping  ratio  from  20%  to  25%  raised  the  corresponding  required  VED  pad 
areas  to  32.5  sq  in,  21.3  sq  in,  and  17.8  sq  in.  All  of  these  areas  are  substantially  below  that  which  was 
provided. 

(b)  Time-History  Analyses  of  Response  Maxima:  VEDs  Installed 

Time-history  analyses  of  simulations  E050DL,  E100DL,  E150DL,  and  E200DL  were  conducted  to 
trace  the  change  in  structural  properties  with  increased  input  motion  intensity.  For  each  simulation,  the 
ETABS  analysis  parameters  were  adjusted  to  “back-calculate”  the  maximum  responses  that  were  observed 
in  the  simulations.  These  back-calculations  balanced  maximum  story  shears  and  relative  displacements. 
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maximum  sums  of  horizontal  components  of  VED  forces  (both  absolute  and  as  a  percentage  of  the  total 
story  shears),  and  observed  surface  cracking  patterns.  By  considering  all  of  these  variables,  the  ETABS 
analyses  provided  good  “snapshots”  of  the  maximum  responses.  However,  with  no  load  cells  on  either  the 
columns  or  the  slabs,  there  was  no  means  of  directly  calibrating  their  relative  stiffness  characteristics, 
which  could  lead  to  inaccuracies. 

Column  properties  (Tables  6.2  and  6.3)  were  generally  consistent  with  recommended  values.  In 
the  slab-column  joint  regions,  gross  section  properties  were  used,  reflecting  the  observed  integrity  of  the 
concrete  in  those  regions.  Similarly,  in  the  column  collar  regions,  section  properties  at  or  near  the  gross 
section  properties  were  used,  reflecting  the  stiffening  effects  of  the  collars.  In  other  regions,  section 
properties  that  fell  within  the  guidelines  of  Section  6.3. (a)  were  employed.  The  initial  section  properties 
reflected  the  relatively  lower  level  of  damage  that  was  observed  in  the  third  story.  The  gradual  softening  of 
the  structure  is  reflected  in  the  decreased  section  properties  with  increasing  input  motion  intensity. 

The  equivalent  beam  width  models  (Table  6.5)  reflect  the  significantly  higher  level  of  observed 
cracking  in  the  joint  regions,  particularly  in  the  spandrel  beams.  The  effective  beam  widths  differ  from 
those  proposed  by  earlier  studies  [2,  8,  28,  34].  For  the  lower  input  motion  intensities,  the  model  is  stiflfer 
than  would  have  been  predicted  by  their  recommendations  for  fully  cracked  sections,  but  more  flexible  than 
their  recommended  uncracked  properties.  The  effective  beam  widths  that  were  used  parallel  those 
recommended  by  Robertson  (Table  6.4).  It  is  important  to  recall  that  the  pretest  damage  that  was  caused 
by  the  spurious  actuator  motion  cracked  the  model,  so  that  comparison  with  recommended  section 
properties  must  be  measured.  Based  on  the  observed  slab  and  spandrel  cracking,  the  third  floor  slab  was 
assumed  to  be  the  stifFest,  while  the  second  floor  slab  was  assumed  to  be  the  most  flexible.  The  stiffnesses 
of  the  lower  two  floors  were  also  seen  to  deteriorate  more  rapidly  than  that  of  the  third  floor. 

Table  6.6  lists  the  VED  and  column  base  rotational  spring  properties  that  were  used.  The 
rotational  spring  properties  reflect  a  general  softening  of  the  column  to  base  girder  connections  with 
increased  motion  intensity.  These  properties  were  selected  to  match  the  ETABS  analyses  more  closely  with 
the  observed  responses.  For  example,  in  simulation  E100DL,  the  observed  base  shear  was  25.2  kips.  With 
rotational  springs,  the  computed  base  shear  was  25.3  laps.  With  a  fixed  base,  the  computed  base  shear 
was  26. 1  kips.  The  VED  stiffnesses  and  damping  coefficients  for  each  story  are  listed,  as  are  the  stiffness 
and  damping  coefficients  that  would  be  calculated  using  Equations  2.21  and  2.22.  There  are  significant 
differences  between  the  ideal  values  and  those  that  were  required  for  back-calculation.  The  VED  properties 
will  be  discussed  in  the  following  paragraphs  that  address  the  analysis  results. 
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Figures  6.9  -  6.20  present  interstory  displacement  and  story  shear  vs.  elapsed  time  plots,  and  story 
shear  vs.  interstory  displacement  plots,  for  the  first  ten  seconds  of  simulations  E050DL,  E100DL, 

E150DL,  and  E200DL.  The  plots  compare  computed  and  measured  quantities.  The  computed  responses 
show  excellent  agreement  with  the  measured  responses. 

In  all  four  analyses  with  VEDs  installed,  maximum  story  shears  and  displacements  are  calculated 
accurately  using  the  ETABS  models  (Table  6.7,  Figure  6.33).  The  calculated  input  energy  (Table  6.7)  is  a 
progressively  smaller  percentage  of  the  measured  input  with  increased  input  motion  intensity.  Review  of 
the  story  shear  vs.  interstory  displacement  hystereses  (Figures  6. 1 1,  6. 14,  6.17,  and  6.20)  shows  the 
calculated  hysteretic  behavior,  while  matching  well  at  the  points  of  response  maxima,  increasingly  deviates 
from  the  measured  behavior  with  increased  input  motion  intensity  (I.E.,  the  calculated  hysteresis  loops  are 
smaller  than  the  measured  loops).  Table  6.8  shows  story  shear  stiflhesses  for  stories  1  and  2  are 
consistently  higher  for  the  ETABS  analyses  than  for  the  measured  quantities,  while  they  are  about  equal  for 
story  3.  As  a  percent  of  total  story  shear,  the  maximum  sum  of  the  horizontal  components  of  the  VED 
forces  in  the  ETABS  analyses  are  approximately  equal  to  the  corresponding  measured  quantities  (although 
there  is  wide  variation  among  individual  VEDs  in  each  story  in  the  measured  data).  Table  6.9  shows 
calculated  and  measured  modal  periods  to  be  consistent  until  simulation  E200DL,  when  the  computed  first 
mode  period  (0.44  sec)  is  substantially  lower  than  the  measured  first  mode  period  (0.53  sec).  Table  6.9 
also  shows  the  calculated  first  mode  equivalent  viscous  damping  ratios  to  be  essentially  equal  to  the 
measured  damping  ratio  for  simulation  E050DL,  but  to  become  increasingly  less  than  the  measured 
damping  ratio  with  increased  motion  intensity.  With  the  majority  of  the  input  energy  being  related  to  the 
damping  mechanisms  in  the  structure,  the  downward  trends  in  the  relative  magnitudes  of  input  energy  and 
the  various  damping  measures  are  directly  related. 

Table  6.10  presents  calculated  mode  shape  ordinates  for  the  analyses  and  corresponding  mode 
shape  ordinates  from  test  data.  There  is  good  general  agreement  between  the  first  mode  ordinates  in  the 
analytical  models  and  those  from  test  data,  while  the  second  and  third  mode  ordinates  do  not  compare  as 
well.  Overall  for  all  three  modes,  the  ordinates  for  the  first  floor  are  relatively  lower  in  the  analytical 
models  than  the  test  data.  One  of  the  basic  assumptions  in  applying  the  modal  strain  energy  method  is  that 
the  first  mode  shape  ordinates  do  not  vary  significantly  from  the  structure  with  no  added  braces  or  VEDs  to 
the  damped  structure  (Section  2.3).  Comparison  of  the  mode  shape  ordinates  for  the  analytical  models 
shows  close  agreement  for  this  structure,  validating  this  assumption. 

Several  significant  observations  can  be  made  from  these  analyses. 
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First,  in  reviewing  the  overall  response  characteristics  of  the  model,  it  appears  that  the  equivalent 
beam  width  approach  can  adequately  characterize  the  structure.  This  will  be  explored  further  in  examining 
the  time-histories  after  the  VEDs  were  removed. 

Second,  the  VED  effectiveness  in  the  upper  stories,  particularly  the  third  story,  was  limited.  As 
can  be  seen  for  the  data  in  Table  6.6,  in  simulation  E050DL,  a  relatively  low  input  motion  intensity 
simulation,  only  the  VED  characteristics  for  the  first  story  closely  replicated  the  ideal  VED  characteristics. 
As  speculated  in  Chapters  4  and  5,  it  is  believed  that  the  relatively  flexible  joints  of  the  slab-column 
structure  permitted  rotations  of  the  VEDs.  While  their  energy  dissipation  characteristics  were  lowered 
somewhat,  their  stiffness  characteristics  were  drastically  lowered.  This  is  probably  because  they  still 
dissipated  energy  in  the  shearing  actions  that  occurred  when  they  rotated,  but  the  rotations  greatly  reduced 
the  VED  brace  axial  stiffnesses.  This  lack  of  added  stiffness  is  actually  an  indirect  attribute,  since  it 
lowered  story  shear  because  of  less  period  shift.  However,  the  rotations  prohibit  accurate  modeling  based 
on  the  ideal  VED  characteristics.  As  mentioned  above,  the  large  VED  pad  sizes  theoretically  resulted  in  an 
“overdamped”  (as  compared  to  the  design)  structure.  Because  the  pads  were  as  large  as  they  were, 
however,  they  probably  rotated  less  than  they  would  have  at  the  nominally  designed  sizes  for  each  story 
level. 

Third,  the  erratic  changes  in  VED  properties  that  were  required  to  match  the  measured  response 
maxima  are  inconsistent  with  the  published  idealized  behavior,  hampering  accurate  predictions  of  behavior. 
Table  6.6  shows  a  need  to  decrease  the  VED  damping  coefficients  for  the  first  and  second  stories 
significantly  more  than  the  idealized  values  would  be  for  the  anticipated  maximum  shear  strains.  Table  6.6 
also  shows  changes  for  the  VED  stiffnesses  that  are  inconsistent  with  the  corresponding  changes  in 
damping  coefficients.  Examination  of  the  hysteresis  plots  (Figures  6.11,  6.14,  6.17,  and  6.20)  provides 
insight  into  the  modeling  problem.  In  simulation  E050DL  (Figure  6. 1 1),  measured  stiffness  for  each  story 
is  approximately  uniform  from  the  smaller  hysteresis  loops  to  the  one  large  loop.  In  the  ETABS  model, 
the  stiffness  is  exactly  uniform  because  brace  properties  are  fixed.  Also  in  simulation  E050DL,  the 
measured  larger  and  smaller  hysteresis  loops  are  relatively  uniform,  except  that  in  the  larger  loop,  the  area 
of  the  loop  in  the  region  of  maximum  displacement  is  pinched  as  compared  to  the  area  of  the  larger  loop  in 
the  ETABS  analytical  model. 

Data  from  simulations  E100DL  -  E200DL  show  there  is  a  tendency  for  the  larger  hysteresis  loops 
to  exhibit  somewhat  higher  stiffness  characteristics  than  the  smaller  loops.  The  higher  observed  stiffness 
may  be  partially  due  to  the  stiffening  of  the  concrete  structure  as  it  reaches  larger  displacements,  for  which 
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it  exhibits  uncracked  properties.  The  measured  hysteresis  loops  show  more  pronounced  pinching 
(reduction  in  force)  in  the  larger  displacement  region.  The  smaller  measured  hysteresis  loops  do  not  exhibit 
the  pinching  effects  at  their  displacement  maxim  that  the  larger  loops  do.  The  constant  material  properties 
in  the  ETABS  model  do  not  permit  modeling  this  variation. 

To  match  the  measured  pinching  of  the  hysteresis  loops  near  the  points  of  maximum  force  and 
displacement,  the  single-valued  damping  coefficient  in  the  ETABS  model  must  be  reduced  to  a  value  that  is 
below  that  which  is  needed  to  match  the  average  value  for  the  measured  responses  in  each  simulation.  This 
also  reduces  the  associated  energy  dissipation  characteristics  of  each  analysis  below  the  average  values  for 
each  simulation.  The  relative  reductions  in  damping  coefficients  required  to  match  the  measured  conditions 
at  maximum  displacement  become  larger  as  the  input  motion  intensity  increases. 

(c)  Time-History  Analyses  of  Response  Maxima:  VEDs  Removed 

Time-history  analyses  of  simulations  E025N,  E050N,  E100N,  E125N,  and  E150N  were  conducted 
to  trace  the  change  in  structural  properties  with  increased  input  motion  intensity  following  removal  of  the 
VEDs.  No  attempt  to  model  simulation  E200N  was  made,  because  of  the  unique  failure  mechanism  that 
developed.  The  ETABS  analysis  parameters  were  again  adjusted  to  “back-calculate”  the  maximum 
responses  that  were  observed  in  the  simulations.  These  back-calculations  targeted  maximum  story  shears 
and  relative  displacements  and  observed  surface  cracking  patterns.  Two  analyses  of  simulation  E150N 
were  conducted.  They  are  designated  E150N  R1  and  E150N  R2.  A  significant  change  in  the  model 
response  was  measured  at  about  three  seconds  into  this  simulation,  when  the  model  significantly  softened. 
The  two  analyses  were  run  to  bound  the  conditions  of  the  structure  before  and  after  this  occurred.  Figures 
6.21  -  6.32  plot  the  computed  and  measured  story  shear  and  interstory  displacements  vs.  elapsed  time  for 
the  first  ten  seconds  of  each  of  these  simulations. 

Column  stiffness  properties  (Tables  6.2  and  6.3)  were  lowered  following  simulation  E200DL, 
reflecting  additional  cracking  that  occurred  in  the  model.  Because  the  columns  did  not  noticeably 
deteriorate  during  the  simulations  with  VEDs  removed,  their  stiflhess  properties  were  held  constant  for  all 
of  these  time-history  analyses. 

The  equivalent  beam  widths  (Table  6.5)  were  significantly  lowered  following  simulation  E200DL, 
reflecting  the  significant  cracking  that  occurred,  especially  in  the  joint  regions.  The  equivalent  beam  widths 
for  the  first  and  second  floor  slabs  were  again  lowered  following  the  analysis  of  simulation  E025N, 
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accounting  for  crack  opening  that  was  observed.  For  the  analyses  of  simulations  E050N  -  E150N  Rl,  the 
equivalent  beam  widths  were  held  constant.  In  analysis  E150N  R2,  the  joint  region  beam  widths  were 
lowered  to  reflect  added  cracking  that  occurred  during  the  simulation.  Throughout  these  analyses,  the 
equivalent  beam  widths  in  the  joint  regions  were  very  small,  reflecting  the  significant  deterioration  that 
occurred  there.  In  the  exterior  joints,  most  of  the  softening  was  caused  by  opening  and  extension  of  the 
spandrel  cracks.  At  the  interior  joint,  the  floor  slab  was  cracking  around  the  column. 

The  column  base  rotational  spring  properties  (Table  6.6)  were  also  lowered  following  the  analysis 
of  simulation  E200DL.  The  spring  stiffness  was  held  constant  until  the  analysis  of  simulation  E150N  R2. 

Particularly  in  the  story  shear  plots,  second  and  third  mode  responses  are  clearly  shown  in  both  the 
measured  data  and  the  ETABS  analyses.  Second  mode  responses  are  reflected  on  floors  one  and  three, 
while  the  third  mode  response  is  evident  on  floor  two.  The  ETABS  analyses  for  simulations  E025N  and 
E050N  show  very  close  agreement  with  the  measured  responses.  In  simulation  E100N,  the  ETABS 
analysis  differs  from  the  measured  data  in  some  of  the  regions  of  peak  displacement  and/or  acceleration. 
Until  approximately  five  seconds  into  simulation  E125N,  the  ETABS  analysis  replicates  the  measured 
responses  with  about  the  same  fidelity  as  that  of  simulation  E100N.  At  that  time,  the  measured  response 
shifts  to  a  slightly  longer  period,  which  also  reduces  the  measured  responses  somewhat.  The  linear  ETABS 
model  does  not  reflect  this  shift.  In  simulation  E150N,  the  measured  responses  show  a  significant  period 
lengthening  with  corresponding  significantly  reduced  spectral  response  that  becomes  very  significant  in  the 
elapsed  time  of  three  to  five  seconds.  Analyses  E150N  Rl  and  E150N  R2  reflect  the  approximate  “before” 
and  “after”  conditions.  The  major  changes  between  the  analyses  were  to  decrease  the  joint  stiffness 
properties  and  to  increase  the  modal  damping  ratios  from  analysis  E150N  Rl  to  analysis  E150N  R2.  The 
base  shear  and  top  floor  displacement  maxima  of  Table  6.7  summarize  the  time-history  results. 

The  story  shear  stiffiiesses  (Table  6.8)  of  the  ETABS  analyses  very  closely  reflect  the  measured 
story  shear  stiffnesses  from  the  simulations,  on  the  first  and  second  stories.  The  ETABS  third  story  shear 
stiffness  is  somewhat  lower  than  the  measured  story  shear  stiffness,  in  the  lower  input  intensity  simulations. 

Two  significant  factors  stand  out  in  the  ETABS  analyses  of  the  simulations  with  VEDs  removed. 
First,  though  the  overall  stiffness  of  the  structure  was  left  largely  unchanged  from  simulation  E025N 
through  simulation  E150N  Rl,  the  modal  damping  ratios  were  decreased  progressively  and  significantly,  to 
rnatnh  the  ETABS  models  with  the  maximum  measured  responses.  The  first  modal  damping  ratio  was 
lowered  from  6%  in  simulation  E025N  to  1%  in  simulation  E150N  Rl.  It  is  likely  that,  as  the  existing 
cracks  in  the  model  widened  with  each  successively  higher  intensity  simulation,  pinching  became  more 
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severe,  lowering  hysteretic  energy  dissipation.  The  second  significant  factor  is  that,  while  the  ETABS 
models  did  very  well  in  predicting  maximum  displacement  responses,  they  did  less  well  in  predicting 
maximum  story  shears.  As  the  input  motion  intensity  increased,  the  ETABS  models  increasingly 
underpredicted  the  maximum  story  shears.  Here,  it  is  likely  that,  as  the  ETABS  models  were  adjusted  to 
reflect  the  average  condition  of  the  structure  during  each  simulation,  the  relatively  higher  strength  that 
would  result  from  loading  uncracked  sections  at  times  of  maximum  displacement  would  result  in 
momentary  higher  strength  characteristics. 

(d)  Evaluation  of  Demand  Vs.  Capacity 

For  each  of  the  ETABS  dynamic  analyses,  reviews  were  made  of  the  column  axial  forces,  shears, 
and  moments.  Reviews  were  also  made  of  the  slab  moments,  considering  combined  shear  and  moment 
transfer.  Axial  forces,  shears,  and  moments  were  checked  at  element  joints.  Gravity  loads  were 
superimposed  on  corresponding  time-history  loads.  Gravity  forces  were  computed  once  before  any  of  the 
dynamic  analyses  with  VEDs  installed  were  performed,  and  then  again  following  the  stiffness  degradation 
that  was  applied  during  the  dynamic  analyses  with  VEDs  installed.  For  the  dynamic  analyses,  slab 
stiffness  characteristics  in  the  two  slab  spans  were  mirror  images.  Without  the  use  of  nonlinear  models, 
this  results  in  reasonable  representation  of  global  behavior,  but  may  result  in  less  accurate  local  behavior. 
As  described  in  Section  6.3,  slab  stiffnesses  in  other  research  have  been  observed  to  vary  from  instants  of 
net  positive  moment  to  instants  of  net  negative  moment. 

(1)  Columns 

Tables  6.11-6.16  present  the  estimated  column  capacities  and  demands. 

In  analyses  E050DL  and  E100DL,  column  moments  were  below  yield,  based  on  the  interaction 
diagrams  of  Figures  6.1-  6.4.  Column  shears  were  below  capacity.  Column  axial  forces  were  in  net 
compression. 

In  analyses  E150DL  and  E200DL,  yield  moment  is  exceeded  at  the  tops  of  the  third  story  interior 
columns.  In  analysis  E200DL,  yield  moment  is  equaled  or  slightly  exceeded  at  the  bases  of  the  interior  first 
story  columns,  the  bases  of  the  exterior  first  story  columns,  and  the  tops  of  the  third  story  exterior  columns. 
The  zone  of  calculated  yielding  of  the  exterior  third  story  columns  is  in  the  length  of  column  that  is 
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effectively  widened  by  the  spandrel  beam,  which  may  serve  to  increase  the  column  flexural  capacity.  No 
significant  flexural  cracking  was  noted  in  this  area  during  the  experiments,  indicating  little  degradation 
occurred.  Shear  capacities  were  exceeded  at  the  tops  of  the  first  and  second  story  interior  columns.  In 
those  locations,  column  shear  is  increased  by  VED  brace  forces.  Since  the  column  collars  added 
approximately  twelve  kips  to  the  column  shear  capacity  (see  Chapter  2),  total  shear  capacity  is  sufficient. 

Net  uplift  was  noted  at  the  bases  of  the  exterior  first  and  second  story  columns  in  analyses 
E150DL  and  E200DL.  The  uplift  is  due  to  the  higher  inertial  forces  that  were  generated  by  the  stiffiiess 
added  by  the  VEDs  and  the  vertical  forces  added  by  the  VED  braces  to  the  columns  at  the  collar 
connections.  The  momentary  uplift  forces  were  satisfactorily  carried  by  the  model.  Uplift  would  be  a 
major  concern  for  the  prototype  building.  Its  columns  were  founded  on  spread  footings. 

Also  noteworthy  in  the  four  analyses  of  the  model  with  VEDs  installed  are  the  significant  force 
redistributions  that  occurred  as  the  model  was  adjusted  to  account  for  concrete  cracking  and  for  VED 
property  changes.  For  example,  some  of  the  maximum  column  moments  in  analysis  E150DL  are  lower 
than  those  noted  for  analysis  E100DL.  This  indicates  that  the  modeling  assumptions  are  very  critical. 
While  the  member  stiffiiess  reductions  that  were  applied  in  the  analyses  were  based  largely  on  the  observed 
crack  propagation  in  the  experiments,  they  are  generally  consistent  with  the  computed  flexural  yielding. 

In  analyses  E125N  and  E150N,  yield  moment  is  equaled  or  exceeded  at  the  bases  of  the  interior 
first  story  columns.  In  analysis  E150N,  yield  moment  is  exceeded  at  the  tops  of  the  third  story  interior 
columns.  The  same  observations  as  those  made  for  analyses  E150DL  and  E200DL  concerning  member 
strength  apply. 

If  the  zones  of  column  yielding  are  characterized  as  “hinges,”  there  would  be  an  insufficient 
number  of  them  in  the  columns  alone  to  create  a  theoretical  collapse  mechanism. 

(2)  Slabs 

Tables  6.17  -  6.19  present  the  estimated  slab  capacities  and  demands. 

At  the  interior  connections,  the  flexural  capacities  (Equation  6.7)  of  the  critical  slab  widths  are 
exceeded  in  almost  all  of  the  analyses  on  all  three  floors.  However,  there  is  significant  reserve  flexural 
capacity.  This  is  because  the  critical  slab  width  is  a  small  portion  of  the  total  slab  width,  thus 
accommodating  added  moment.  While  currently  recommended  design  procedures  were  not  followed,  the 
tests  indicate  that  sufficient  reserve  flexural  capacity  existed  in  the  interior  connections. 
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The  ACI 318-95  procedure  (Equation  6.8)  indicates  that  combined  shear  and  moment  transfer 
failures  occur  in  the  first  floor  slab  in  analyses  E100DL  and  E200DL,  and  in  the  third  floor  slab  in 
analyses  E200DL  and  E150N.  The  magnitudes  of  the  unbalanced  moments  that  were  computed  for 
analysis  E150N  imply  that,  using  Equation  6.8,  it  is  likely  that  a  combined  shear  and  moment  transfer 
failure  would  also  have  occurred  in  the  first  and  third  floor  slabs  in  simulation  E200N.  “Modified” 
Equation  6.8  that  implements  the  Luo-Durrani  capacity  increase  for  the  effects  of  top  reinforcement  in  the 
slab,  and  the  procedure  using  Equation  6.13,  indicate  that  the  first  floor  slab  capacity  is  sufficient,  but  the 
third  floor  slab  capacity  would  still  be  insufficient  in  analysis  E200DL. 

Added  insight  on  the  interior  connection  strength  may  be  gained  by  examining  the  maximum  drift 
ratios  that  were  reached  in  the  seismic  simulations.  Reference  25  plots  the  available  drift  capacity  of 
interior  connections  as  a  function  of  the  gravity  shear  ratio,  which  was  determined  in  Section  6.2.(b)  to  be 
0.275.  For  this  ratio.  Reference  25  projects  the  lateral  drift  capacity  of  the  interior  connections  to  be  about 
2.25%.  This  drift  ratio  was  met  or  exceeded  on  the  second  floor  level  in  simulations  E125N  -  E200N,  and 
was  almost  met  on  the  second  floor  level  in  simulation  E200DL.  At  the  third  floor  level,  it  was  exceeded  in 
simulations  E150N  and  E200N.  At  the  first  floor  level,  it  was  almost  met  in  simulation  E200N. 

While  minor  slab  cracking  around  the  interior  columns  was  observed  on  all  three  floors  in  the 
higher  input  motion  intensity  simulations,  the  catastrophic  mechanism  of  a  shear  failure  did  not  occur,  even 
with  repeated  attainment  of  conditions  that  would  imply  pending  failure.  The  interior  connections  appear  to 
be  stronger  than  current  prediction  techniques  would  indicate.  An  intangible  factor  in  the  simulations  may 
have  been  the  effect  that  the  column  collars  under  the  slabs  had.  Each  collar  included  the  four  inch  leg  of 
an  L  7  x  4  x  %  under  the  slab,  on  each  side  of  the  column  in  the  direction  of  bending  (Figure  A.16). 

Simply  by  supporting  the  slab,  a  collar  angle  leg  could  act  to  increase  its  effective  shear  strength. 

At  the  exterior  connections,  applying  Equation  6.15  indicates  that  flexural  yielding  of  the  top  steel 
in  the  third  floor  slab  would  occur  in  analyses  E150DL  and  E200DL,  but  other  simulations  would  have  no 
yield.  In  addition,  the  analyses  imply  that  the  cracking  moment  of  the  slab  would  not  be  reached  during 
times  of  positive  moment  occurrence.  The  observed  damage  in  the  exterior  connection  contradicts  the 
recommended  capacity  analyses.  This  damage  also  lowered  the  moments  transmitted  by  the  exterior  joints, 
because  of  their  low  stiffness.  Both  positive  moment  flexural  cracks  in  the  slab  and  significant  torsional 
cracks  in  the  spandrel  beams  were  observed  in  the  tests.  This  cracking  was  initiated  prior  to  the  first 
seismic  simulations  (Section  4. 12),  and  it  propagated  during  the  simulation  sequence. 

The  spandrel  torsional  cracking  is  particularly  significant  in  strength  evaluation.  The  torsional 
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cracks  on  each  side  of  each  exterior  column  formed  almost  perfectly  in  the  four  inch  space  between  the  first 
and  second  stirrups  on  each  side  of  each  column.  This  four  inch  spacing  significantly  exceeds  that  which 
would  be  required  by  Section  1 1.6.6. 1  of  ACI 318-95  l-7/e”).  It  is  therefore  plausible  that  the  stirrups 

were  so  widely  spaced  that  they  were  ineffective,  in  which  case  Ts  in  Equations  6.15  and  6.18  would  be 
zero.  In  addition,  the  slab  restraint  factor  of  2.0  in  Equations  6.15  and  6.18  may  be  unconservative.  The 
result  is  that  the  moment  transfer  capacity  of  the  exterior  connections  may  have  been  significantly  below 
the  predicted  capacities,  with  the  limitation  driven  by  the  torsional  capacities  of  the  spandrel  beams. 
Additional  study  of  the  unbalanced  moment  capacities  of  exterior  connections  with  spandrel  beam  is 
merited. 


(3)  Strength  of  Structural  System 

Because  of  the  nature  of  the  anticipated  failure  mechanism  of  the  interior  (centerline)  columns  in 
combined  shear  and  moment  transfer,  conventional  limit  analysis,  which  assumes  flexural  behavior,  is 
difficult  to  implement.  A  failure  of  the  interior  slab-column  connection  can  result  in  immediate  collapse  via 
the  formation  of  a  punching  shear  mechanism  of  the  slab  at  the  column  perimeter.  Analysis  here  is 
complicated  by  the  apparent  severe  deterioration  of  the  exterior  slab-column  joints  because  of  the  torsional 
deterioration  of  the  spandrel  beams. 

The  above-described  predictions  of  interior  slab-column  joint  strength  imply  that  centerline  joint 
failure  was  imminent  at  all  floor  levels.  Such  failure  would  have  led  quickly  to  a  collapse  mechanism  in  the 
structure.  The  structure  appears  to  be  stronger  than  would  have  been  predicted.  Several  factors  are  likely 
to  be  involved.  It  is  possible  that  the  prediction  techniques  require  further  refinement;  the  assumed  relative 
member  stiffnesses  are  incorrect  (which  would  yield  a  different  distribution  of  moments);  strain  rate  effects 
may  yield  higher  material  strengths  (which  would  increase  capacities);  or  that,  even  with  the  localized 
mechanism,  some  membrane  action  occurs  in  the  model.  In  the  only  other  known  shaking  table  experiment 
involving  a  flat  slab  model,  Moehle  and  Diebold  made  similar  observations  [28], 

It  is  also  significant  that,  over  the  series  of  seismic  simulations,  the  slab-column  joints 
progressively  softened  through  cracking  of  the  slabs  and  the  spandrel  beams.  As  a  result,  the  joints  acted 
increasingly  like  pinned  connections,  with  low  moments  in  the  joint  regions  and  higher  positive  moments  in 
the  slab  mid-span  regions.  Comparing  the  mid-span  crack  patterns  of  the  slab  bottoms  before  the  seismic 
simulations  (Figures  4.36, 4.38,  and  4.40)  with  corresponding  crack  patterns  following  simulation  E200N 
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(Figures  4.56, 4.58,  and  4.60)  shows  substantial  flexural  crack  propagation  in  the  slab  mid-spans,  which 
are  positive  moment  regions. 

In  addition  to  the  moment  redistribution  that  occurred,  the  stiffness  degradations  that  developed 
over  the  series  of  simulations  shifted  the  structure  to  a  longer  period,  lowering  member  demands, 
particularly  in  the  simulations  with  VEDs  removed.  As  a  simple  illustration  of  the  combined  effects  of  the 
moment  redistribution  and  reduced  demand  for  the  same  motion  input,  analysis  E100N  was  rerun  with  all 
of  the  member  properties  that  were  found  to  be  effective  in  analysis  E050DL.  Section  properties  in 
analysis  E050DL,  with  VED  braces  removed,  were  all  significantly  higher  than  those  of  E100N.  This 
analysis  assumed  all  members  remained  elastic.  The  maximum  base  shear  computed  using  this  model  was 
63%  of  the  model  weight,  compared  to  the  16%  -  20%  of  the  model  weight  in  analysis  and  simulation 
E100N.  All  joints  in  the  analysis  had  moments  that  exceeded  predicted  moment  transfer  capacities,  and  all 
columns  at  the  first  and  second  story  levels  showed  yield  moments  at  their  tops  and  bases  that  exceeded 
yield  moments.  At  the  third  story,  the  moments  at  the  tops  of  the  columns  exceeded  yield.  Moments  in  the 
first  story  slab-column  connections  and  the  bases  and  tops  of  the  first  story  columns  were  two  to  three 
times  predicted  yield.  Such  high  overstressing  in  all  of  the  joints  of  the  first  story  indicates  that  a  collapse 
mechanism  would  have  formed,  because  there  were  no  joint  regions  available  to  assume  redistributed 
moments. 


(e)  Evaluation  of  System  Stiffness  Characteristics 

Using  maximum  base  shear  and  third  floor  drift.  Figure  6.33  reviews  the  computed  and  actual 
stiffness  characteristics  of  the  model  during  the  series  of  simulations.  As  discussed  above,  the  maximum 
responses  reflect  the  combined  effects  of  stiffness  and  damping  changes  in  the  model. 

In  the  series  of  simulations  with  VEDs  installed,  the  model  stiffness  decreases  over  the  series  of 
simulations.  There  are  three  ranges  of  approximately  constant  stiffness,  each  successively  lower  than  the 
previous.  In  Figure  6.34,  the  curve  of  measured  and  computed  response  maxima  is  compared  to  four 
predictions  of  response  based  upon  the  procedures  recommended  by  Robertson  and  Ambrose  in  Reference 
39,  and  by  Robertson  in  Reference  38.  In  Figure  6.34,  curve  1  is  that  predicted  by  the  Robertson  and 
Ambrose  model  for  0.5%  maximum  drift  and  curve  2  is  that  predicted  by  the  Robertson  and  Ambrose 
model  for  1 .0%  maximum  drift.  Curve  3  is  that  predicted  by  the  Robertson  model  for  0.5%  maximum 
drift,  while  curve  4  is  that  predicted  by  the  Robertson  model  for  1.5%  maximum  drift.  Table  6.4  lists  the 
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effective  beam  width  factors  for  each  of  the  models.  Other  models  mentioned  in  Section  6. 3.  (b)  are  not 
shown  but,  in  general,  the  models  represented  by  curves  1  and  3  emulate  uncracked  section  properties, 
while  those  represented  by  curves  2  and  4  emulate  fully  cracked  section  properties  of  those  earlier  models. 
These  plots  are  based  on  applied  static  lateral  forces  at  each  story  level  that  were  derived  by  modal  analysis 
for  the  first  three  modes  and  then  summed  using  the  Square  Root  Sum  of  the  Squares  (SRSS)  method. 
Column,  VED  brace,  and  spring  stiffnesses  were  held  constant  at  the  same  level  as  those  used  for  ETABS 
analysis  E050DL.  Figure  6.34  shows  that  the  four  models  provide  reasonable  accuracy  in  predicting  the 
stiffness  of  the  structure  at  all  drift  levels.  As  should  be  expected,  the  models  based  on  higher  drifts  reflect 
lower  stiffness  than  the  models  based  on  lower  drifts. 

In  the  series  of  simulations  with  VEDs  removed,  the  model  stiffness  remains  fairly  constant  over 
the  series  of  simulations.  In  Figure  6.35,  the  curve  of  measured  and  computed  response  maxima  is 
compared  to  four  predictions  of  response  based  upon  the  procedures  recommended  by  Robertson  and 
Ambrose  in  Reference  139,  and  by  Robertson  in  Reference  38.  In  Figure  6.35,  curves  1  -  4  are  based  on 
the  same  effective  beam  width  models  as  curves  1  -  4  in  Figure  6.34.  Table  6.4  lists  the  effective  beam 
width  factors  for  each  of  the  models.  Other  models  mentioned  in  Section  6.3  .(b)  would  again  correspond  as 
described  above.  These  plots  are  based  on  applied  static  lateral  forces  at  each  story  level  that  were  derived 
by  modal  analysis  for  the  first  three  modes  and  then  summed  using  the  SRSS  method.  Column  stiffnesses 
were  again  held  constant  at  the  same  level  as  those  used  for  ETABS  analysis  E050DL ,  so  the  damage  that 
occurred  in  the  simulations  with  VEDs  installed  is  not  reflected.  Figure  6.35  shows  that  the  Robertson  and 
Robertson  and  Ambrose  models  both  reflect  significantly  higher  stiffnesses  than  those  observed  in  the 
actual  testing,  because  of  the  prior  damage  that  had  accrued  during  the  tests. 

6.7  Assessment  of  FEMA  273/274  Procedures 

In  recognition  of  the  likelihood  that  FEMA  273/274  [3 1]  would  be  used  by  designers  in  any  future 
seismic  retrofit  of  the  prototype  for  the  model  studied  here,  a  brief  examination  of  its  provisions  with 
respect  to  the  model  was  undertaken. 

While  FEMA  273/274  also  outlines  approaches  for  nonlinear  static  and  dynamic  procedures,  the 
approach  adopted  here  is  to  use  the  FEMA  273/274  Linear  Static  Procedure  (LSP)  and  Linear  Dynamic 
Procedure  (LDP).  FEMA  273/274  Paragraph  2.9. 1 . 1  outlines  a  method  to  determine  whether  the  linear 
procedures  are  applicable.  Briefly,  FEMA  273/274  requires  that  the  demand-capacity  ratio  (DCR)  be 
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computed  for  all  building  components: 


DCR  = 

Qce 


(6.25) 


In  Equation  6.25,  Qm  represents  force  (“demand”  due  to  combined  earthquake  and  gravity  loads),  and  QCE 
represents  the  expected  strength  (“capacity”)  of  the  component  or  element.  If  the  DCR  S:  1 .0  for  any 
element,  then  inelastic  behavior  is  expected.  If  the  DCR  <2.0  for  all  controlling  components,  then  the  LSP 
and  LDP  may  be  used  without  qualification.  If  the  DCR  st2.0  for  any  controlling  components,  then  the  use 
of  LSP  and  LDP  are  subject  to  various  qualifications  concerning  stiffness,  strength,  or  mass  irregularities 
in  the  structure.  While  the  calculations  that  are  reported  in  this  section  show  DCRs  that  exceed  two 
(Tables  6.20  -  6.28),  the  structure  does  not  possess  any  of  the  irregularities  stipulated  in  FEMA  273/274, 
so  the  LSP  and  LDP  may  be  employed. 


(a)  Selection  of  Design  Earthquake  Forces 


Section  3.3  of  FEMA  273/274  outlines  procedures  for  determining  the  design-level  base  shear  for 
the  LSP  and  the  design-level  time-histories  for  the  LDP.  The  procedures  consider  the  soil  conditions  of  the 
site  for  the  structure.  Since  this  report  has  not  focused  on  soil  conditions,  the  150%  time-compressed  El 
Centro  record  (PGA*  0.55  g)  was  selected  as  the  “design”  earthquake.  The  maximum  base  shear  that  was 
computed  in  the  LDP  was  used  as  the  design-level  base  shear  in  the  LSP,  to  facilitate  comparison  of  the 
two  procedures.  Two  cases  were  considered,  with  VEDs  and  without  VEDs. 

hi  the  LSP,  once  the  total  base  shear  (V)  is  known,  the  shear  is  distributed  vertically  in  accordance 
with  provisions  of  Section  3.3. 1. 3. B  of  FEMA  273/274: 

(6.26) 
(6.27) 


Fr  =  CV 


CL  = 


i  *>Ak 

i=l 


In  Equation  6.26,  Fx  is  the  lateral  load  applied  at  floor  level  x.  Equation  6.27  computes  the  vertical 
distribution  factor,  CTO  for  each  floor  level.  This  equation  considers  higher  mode  effects  through  the 


125 


exponents  that  are  employed.  The  variables  in  Equation  6.27  are: 


w,  =  Weight  of  floor  level  i 
wx  =  Weight  of  floor  level  x 
^  =  Height  from  base  to  floor  level  i  (ft) 
hx  =  Height  from  base  to  floor  level  x  (ft) 
k=  1.0  for  T!  <,  0.5  sec 
k=  2.0  for  Tj  £  2.5  sec 

k  is  to  be  interpolated  linearly  for  intermediate  values  of  Ti 

Using  the  full-scale  dimensions  of  die  prototype  structure  and  the  structural  stifBiess  models  described  in 
the  following  section,  the  following  lateral  force  distributions,  normalized  to  unity  at  the  third  floor  level, 
were  calculated.  With  VEDs,  the  force  distributions  are: 

F3  =  1.00F 

F2  =  0.73F  (6.28) 

Ei  =  035F 

Without  VEDs,  the  force  distributions  are: 

F3  =  1.00F 

F2  =  0.68  F  (6.29) 

Fl  =  032 F 

Equations  6.28  and  6.29  reflect  the  slightly  larger  influence  of  higher  mode  effects  in  the  more  flexible 
structure  without  VEDs.  In  contrast  with  these  lateral  force  distributions,  modal  analysis  of  the  model 
structure,  considering  its  first  three  modes  (summed  using  SRSS)  shows  a  lateral  force  distribution  of: 

F3  =  1.00F 

F2  =  0.78F  (6.30) 

Fx  =  0.48F 

Comparing  Equations  6.28  -  6.30  indicates  that  the  FEMA  273/274  lateral  force  distributions  may  tend  to 
assign  relatively  higher  inertial  forces  to  the  upper  stories  than  were  present  in  the  dynamic  response. 
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While  this  study  avoids  the  calculation  of  response  spectrum-based  base  shears,  it  is  instructive  to 
examine  the  procedures  of  Section  3.3. 1.2  of  FEMA  273/274  that  are  used  to  calculate  the  fundamental 
period  (Tj),  which  is  required  for  base  shear  computation.  FEMA  273/274  specifies: 

Tx  =  Cth/A  (6.31) 

Using  the  prototype  structure  height  and  Ct  —  0.03  for  concrete  moment  frames  results  in  a  fundamental 
period  of  0.38  sec  for  the  prototype.  When  scaled,  this  translates  to  a  fundamental  period  of  0.22  sec  for 
the  model  in  this  study.  This  period  is  significantly  lower  than  any  of  the  measured  or  calculated 
fundamental  periods  for  the  model.  In  the  following  sections,  T ;  for  the  model  without  VEDs  is  found  to  be 
0.48  sec,  and  T,  for  the  model  with  VEDs  is  found  to  be  0.37  sec.  This  indicates  that  Equation  6.31  in  its 
current  form  does  not  amply  account  for  the  low  stiffness  of  slab-column  structures,  potentially  increasing 
demand  forces  that  are  used  in  design  calculations  above  those  which  might  actually  be  expected. 

(b)  Stiffness  Parameters  for  Use  in  Structural  Modeling 

Chapter  6  of  FEMA  273/274  presents  procedures  for  modeling  reinforced  concrete  structures.  The 
chapter  generally  recommends  that  joint  regions  be  modeled  as  completely  rigid.  FEMA  273/274  Table  6- 
4  recommends  that  column  moments  of  inertia  be  modeled  as  0.7  Ig  for  sections  in  net  compression  and  0.5 
Ig  for  sections  in  net  tension.  Because  limited  uplift  (net  tension)  was  expected  in  the  analyses,  an 
intermediate  stiffness  of  0.6  Ig  was  used,  except  in  the  column  collar  regions,  where  the  same  properties 
used  in  all  previous  analyses  were  used.  This  approach  is  suggested  in  Section  C6.4.1.2  of  FEMA 
273/274.  See  Tables  6.2  and  6.3.  The  column  properties  are  similar  to  those  used  in  the  previous 
analyses. 

FEMA  273/274  Section  6.5.4  covers  slab-column  moment  frames.  It  permits  the  use  of  the 
effective  beam  width  model  that  was  used  in  the  previously  described  analyses.  The  Section  stipulates  that 
effective  component  stiffnesses  shall  be  adjusted  on  the  basis  of  experimental  evidence.  "While  this 
provision  would  permit  the  use  of  the  knowledge  gained  in  the  experimental  portions  of  this  study,  the 
knowledge  would  not  have  been  available  to  a  designer  working  with  the  prototype.  FEMA  273/274 
Section  C6.5.4.2  recommends  that,  in  the  absence  of  experimental  evidence,  the  effective  width  may  be 
computed  as: 
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V  =  P  (5c,  +  0.25/!) 


(6.32) 


Terms  in  Equation  6.32  were  presented  previously  in  Equations  6.8,  6.10,  6.12,  and  6.20  of  this  report. 

The  cracking  factor,  P,  varies  between  0.33  and  0.50,  depending  on  the  degree  of  cracking  present. 

Applied  to  the  model  structure,  with  P=  0.33,  b# is  15  in,  or  0.188  l2.  A  review  of  Table  6.5  shows  that 
this  effective  width  is  comparable  the  effective  widths  employed  in  the  midspan  sections  of  the  model  in  the 
previous  analyses,  but  it  is  wider  than  the  effective  widths  employed  in  the  connection  regions.  The  larger 
width  will  result  in  larger  moment  transfer  into  the  slab-beams  in  the  FEMA  273/274  model. 

Section  9.3.3.2  of  FEMA  273/274  presents  modeling  procedures  for  VEDs.  The  FEMA  273/274 
procedures  are  the  same  as  those  presented  in  this  report,  so  Equations  2.21  and  2.22  may  be  used  to  model 
both  the  stiffness  and  damping  properties  of  the  VEDs.  Since  the  150%  El  Centro  record  was  used  as 
input,  the  ideal  VED  properties  for  simulation  E150DL  (kd  =  8.9  kips/in,  cd  =  0.75  kip-sec/in)  were  initially 
selected. 


(c)  Strength  Parameters  for  Use  in  Structural  Modeling 

In  general,  FEMA  273/274  follows  ACI 318-95  [7]  requirements  for  reinforced  concrete  member 
strength  determination.  FEMA  273/274  makes  no  special  recommendations  concerning  column  strength, 
so  the  analyses  reported  here  use  the  same  load-moment  interaction  diagrams  for  nominal  capacity  that 
were  used  previously  (Figures  6.1  -  6.4).  Section  6.4.5  of  FEMA  273/274  recommends  a  reduced 
reinforcement  stress  capacity  for  sections  that  have  insufficient  reinforcement  development  length, 
compared  to  ACI  3 18-95  development  length  requirements.  The  reduced  capacity  is  simply  the  steel  yield 
stress  multiplied  by  the  ratio  of  the  provided  splice  or  development  length  to  the  length  now  required  by 
ACI  3 18-95.  Since  the  column  collars  in  this  model  provide  sufficient  confinement  (Section  6.2)  to  develop 
the  reinforcement  yield  stress,  no  reduction  in  column  strength  in  the  reinforcement  lap  splice  zones  was 
made.  The  reader  should  note  that,  if  the  collars  were  absent,  column  flexural  capacities  at  the  base  of 
earfr  story  would  be  smaller.  Column  flexure  and  shear  capacities  for  the  FEMA  273/274  analyses  are 
listed  in  Tables  6.20  -  6.25. 

Section  6.5  4.3  of  FEMA  273/274  essentially  prescribes  the  use  of  ACI  318-95  procedures 
(Equations  6.7  and  6.8)  to  determine  flexural  capacities  of  slab-column  connections.  The  only  specific 
guidance  given  covers  interior  column  connection  strength.  FEMA  273/274  permits  the  use  of  a  slightly 
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larger  effective  beam  width  for  strength,  column  width  +  2-Vi  slab  thicknesses  from  each  column  face,  vs 
column  width  +  1-54  slab  thicknesses  from  each  column  face  in  ACI 318-95.  Because  ofthe  lack  of 
guidance  for  the  exterior  column  connection  that  includes  the  spandrel  beam,  this  study  assumes  the  use  of 
the  same  exterior  connection  strength  model  that  was  used  in  Equation  6. 15.  Slab-column  connection 
capacities  for  the  FEMA  273/274  analyses  are  listed  in  Tables  6.26  -  6.28. 

(d)  Additional  Structural  Modeling  Considerations 

Because  the  previous  analyses  that  have  been  reported  showed  that  the  column  connections  to  the 
base  girder  were  modeled  more  accurately  with  rotational  springs  than  with  fixed  bases,  the  same  rotational 
springs  used  in  the  analysis  of  simulation  E050DL,  25,000  in-kips/rad,  were  used  in  the  FEMA  273/274 
analyses. 

The  FEMA  273/274  analyses  with  VEDs  in  the  model  required  some  added  considerations.  The 
previously  reported  analyses  showed  that  the  stiffness  and  damping  properties  of  the  VEDs  did  not  couple 
into  the  structure  equally  on  all  floor  levels,  and  that  the  stiffness  and  Hamping  properties  were  in  general 
not  exactly  equal  to  the  ideal  properties  based  on  prevailing  material  modeling  techniques.  It  was  assumed 
for  the  sake  ofthe  FEMA  273/274  analyses  that  the  VED  stif&ess  and  damping  properties  were  uniform 
and  could  be  expected  to  be  coupled  in  the  structure  adequately.  It  is  likely  that  a  designer  would  make  this 
assumption. 

Section  9.3.4  of  FEMA  273/274  stipulates  that  the  effective  damping  in  a  structure  with 
supplemental  energy  dissipation  devices  cannot  exceed  30%  of  critical  damping,  including  an  estimated  5% 
of  critical  damping  in  the  baseline  structural  frame.  FEMA  273/274  provides  an  approach  for  determining 
the  effective  first  mode  damping,  p^. 


=  P  + 


l  Wj 
J_ _ 

4xWL 


J  =  0.05 


wk  =  F,$ 


(6.33) 

(6.34) 

(6.35) 
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Equation  6.33  estimates  the  first  mode  damping  as  a  percent  of  critical.  Equation  6.34  computes  the  work 
done  by  each  of  “y”  viscous  devices,  for  known  first  mode  period,  T,  damping  coefficient,  Cj,  and  relative 
displacements  between  the  ends  of  the  viscous  devices,  6#  Equation  6.35  computes  the  maximum  strain 
energy  in  the  structure  for  floor  levels,  using  the  inertial  force  at  each  floor  level,  Fh  and  the  maximum 
lateral  displacement  of  each  floor  level,  4-  Equations  6.33  -  6.35  examine  an  idealized  single  cycle  of 
sinusoidal  motion.  Applying  both  these  equations  and  the  algorithms  that  are  internal  to  the  ETABS 
software  showed  that,  with  the  assumed  VED  properties,  the  first  mode  damping  was  about  36%  of 
critical.  Therefore,  the  VED  properties  were  reduced  to  kd  =  7.6  kips/in  and  cd  =  0.64  kip-sec/in.  The 
reduction  was  driven  by  the  need  to  reduce  the  damping  in  the  structure  to  the  maximum  permitted.  Since 
the  stiffness  and  damping  properties  are  linked,  both  VED  stiffness  and  damping  were  reduced  by  the  same 
percentage,  resulting  in  a  first  mode  damping  ratio  of  30%  of  critical. 

FEMA  273/274  Section  9.3.4. 1  prescribes  application  of  the  LSP  to  structures  with  velocity- 
dependent  damping  devices.  Three  different  design  actions  must  be  considered.  The  first  (LSP-1)  requires 
the  calculation  of  lateral  forces  at  the  stage  of  maximum  drift.  This  is  simply  the  application  of  the  static 
lateral  force  distribution  and  computation  of  forces  and  displacement  in  the  structure  that  result  when  the 
stiffness  components  of  the  VEDs  are  applied.  The  second  design  action  (LSP-2)  is  that  which  occurs  at 
the  stage  of  maximum  velocity  and  zero  drift,  which  considers  the  viscous  damping  force  components  of 
the  VEDs.  Maximum  viscous  damping  force  for  each  VED  is  estimated  by  approximating  maximum  VED 
deformation  velocity  as: 

Fj  =  CjDmax  *  Cj  -y-  4j(max)  (6.36) 

The  forces  generated  by  the  VEDs  are  applied  to  the  structure  in  the  locations  of  VED  attachment  to  it,  and 
lateral  displacements  of  the  floors  are  prevented.  The  resulting  force  distribution  forms  design  action  LSP- 
2.  Since  VED  stiffness  and  damping  properties  are  proportional  for  a  fixed  excitation  frequency,  and  the 
maximum  velocities  and  displacements  are  linked  algebraically  by  equation  6.36,  a  separate  analysis  was 
not  required.  Maximum  viscous  forces  in  each  VED  were  found  to  be  143%  of  the  maximum  forces  that 
were  generated  by  drift.  The  third  design  action  (LSP-3)  is  to  be  computed  at  the  stage  of  maximum  floor 
acceleration.  FEMA  273/274  prescribes  that  LSP-3  forces  for  each  component  are  computed  as: 

FlSP- 3  =  -^LSP-1  jC0S[  tan-1  (2Ar)]}  +  7'iSp_2j  sin^tan  1  K)]}  («n 
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(e)  Evaluation  of  Demand  Vs.  Capacity 


Six  analyses  were  performed.  For  the  model  with  VEDs,  the  LDP,  LSP-1,  LSP-2,  and  LSP-3 
were  performed.  For  the  model  without  VEDs,  the  LDP  and  the  LSP  were  performed.  For  the  LDP,  the 
same  procedures  that  are  described  in  Section  6.6.(d)  were  used.  For  the  LSP,  the  models  were  constructed 
as  described  above  and  then  loaded  laterally  with  the  force  distributions  described  in  Section  6.7.(a .). 

Critical  column  forces  determined  in  the  analyses  are  found  in  Tables  6.20  -  6.25.  Critical  slab  forces  are 
found  in  Tables  6.26  -  6.28. 

In  the  analysis  with  VEDs  installed  (FEMA  273-D),  the  LDP  shows  yield  moments  are  exceeded  in 
the  bases  of  all  first  story  columns  and  at  the  tops  of  the  interior  (centerline)  second  story  columns.  The 
analysis  also  shows  shear  (diagonal  tension)  failure  at  the  tops  of  the  second  story  interior  columns,  using 
the  unconfined  compressive  strength  of  the  concrete.  As  retrofitted  on  the  model,  this  failure  would  be 
unlikely,  because  column  collars  were  placed  at  these  locations.  A  small  net  uplift  force  occurs  in  the 
outside  exterior  column  bases  in  the  first  story.  While  the  column  collar  configuration  could  accommodate 
this  uplift  in  the  model,  the  uplift  might  cause  failure  in  the  prototype’s  spread  footings.  Combined  oWr 
and  moment  transfer  failures  occur  on  the  interior  slab-column  connections  on  floors  1  and  2.  Flexural 
failures  occur  in  the  exterior  slab-column  connections  on  floors  1  and  2. 

Since  LSP-3  is  die  most  severe  static  loading  analysis  with  VEDs  installed,  it  is  reviewed  here. 
Because  the  static  lateral  force  distribution  (Equation  6.28)  assigns  higher  percentages  of  the  total  lateral 
force  to  the  upper  stories  than  does  the  dynamic  analysis  (Equation  6.30)  for  equal  base  shears,  mnmftntg 
are  higher  in  the  LSP.  The  LSP-3  shows  yield  moments  are  exceeded  in  the  bases  of  all  first  story 
columns,  the  bases  of  the  second  story  interior  columns,  and  at  the  tops  of  the  interior  second  and  third 
story  columns.  The  analysis  also  shows  shear  (diagonal  tension)  failures  at  the  tops  of  the  interior  columns 
in  all  three  stories,  using  the  unconfined  compressive  strength  of  the  concrete.  This  failure  would  again  be 
unlikely,  because  column  collars  were  placed  at  these  locations.  Net  uplift  force  occurs  in  the  outside 
exterior  columns.  The  uplift  would  again  be  problematic  in  the  prototype’s  spread  footings.  Combined 
shear  and  moment  transfer  failures  occur  on  the  interior  slab-column  connections  on  all  floors.  Flexural 
failures  occur  in  the  exterior  slab-column  connections  on  all  floors. 

hi  both  the  LDP  and  the  LSP  for  model  FEMA  273-D,  forces  are  higher  than  those  of  analysis 
E150DL.  The  most  significant  overall  differences  between  the  FEMA  273-D  models  and  the  E150DL 
model  are  in  the  smaller  connection  stiffnesses  and  smaller  VED  stiffnesses  and  damping  contributions  in 
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the  E150DL  model. 

In  the  model  without  VEDs  (FEMA  273 -N)  the  LDP  shows  yield  moments  are  exceeded  in  the 
bases  of  all  first  and  second  story  columns,  and  at  the  tops  of  all  columns  in  all  stories.  The  analysis  also 
shows  shear  (diagonal  tension)  failure  at  the  bottoms  of  the  interior  columns  in  stories  1  and  2,  when  using 
the  unconfined  compressive  strength  of  the  concrete.  Net  uplift  force  occurs  in  the  outside  exterior 
columns.  The  uplift  would  again  be  problematic  in  the  prototype’s  spread  footings.  Combined  shear  and 
moment  transfer  failures  occur  on  the  interior  slab-column  connections  on  all  floors.  Flexural  failures 
occur  in  the  exterior  slab-column  connections  on  all  floors.  While  force  magnitudes  differ  slightly,  the 
same  failures  are  noted  in  the  LSP. 

In  both  the  LDP  and  the  LSP  for  model  FEMA  273-N,  forces  are  much  higher  than  those  of 
analysis  E150N.  By  simulation  E150N,  the  model  had  deteriorated  significantly.  Its  stiffness  was  much 
lower  than  for  model  FEMA  273-N,  resulting  in  much  lower  force  demands. 

(f)  Evaluation  of  System  Stiffness  and  Damping  Characteristics 

In  analysis  FEMA  273-D,  the  first  mode  period  is  0.37  sec,  compared  to  a  first  mode  period  of 
0.39  sec  in  analysis  E150DL  (Table  6.9).  Story  shear  stiffnesses  in  analysis  FEMA  273-D  are  5 1.3 
kips/in,  60.4  kips/in,  and  88.3  kips/in,  for  the  third,  second,  and  first  stories,  respectively  (Table  6.8). 
Corresponding  story  shear  stiffnesses  in  analysis  E150DL  are  36.0  kips/in,  51.8  kips/in,  and  91.1  kips/in, 
respectively.  First  mode  damping  is  30%  in  analysis  FEMA  273-D,  vs.  24%  in  analysis  E150DL. 
Maximum  base  shears  in  the  two  analyses  are  comparable,  6 1 .4%  of  model  weight  in  analysis  FEMA  273- 
D,vs.  61.8%  in  analysis  E150DL.  The  slightly  higher  system  stiffness  characteristics  of  the  FEMA  273- 
D  model  are  offset  by  foe  lower  damping  characteristics  of  the  E150DL  model  in  the  comparison  of  base 
shears.  Maximum  total  top  floor  drift  is  significantly  larger  in  analysis  E150DL,  0.94%,  vs.  0.77%  in 
analysis  FEMA  273-D.  The  higher  system  stiffness  and  higher  damping  characteristics  if  the  FEMA  273- 
D  model  combine  to  reduce  its  drifts  when  compared  to  the  E150DL  model. 

In  analysis  FEMA  273-N,  the  first  mode  period  is  0.48  sec,  compared  to  a  first  mode  period  of 
0.83  sec  in  analysis  E150N  (Table  6.9).  This  is  a  significant  difference.  Story  shear  stif&esses  in  analysis 
FEMA  273-N  are  28.1  kips/in,  35.7  kips/in,  and  57.0  kips/in,  for  the  third,  second,  and  first  stories, 
respectively  (Table  6.8).  Corresponding  story  shear  stiffnesses  in  analysis  E150N  are  7.9  kips/in,  11.2 
kips/in,  and  21.5  kips/in,  respectively.  First  mode  damping  is  5%  in  analysis  FEMA  273-N,  vs.  1%  in 
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analysis  E150N.  Maximum  base  shears  in  the  two  analyses  are  very  different:  80.6%  of  model  weight  in 
analysis  FEMA  273-N,  vs.  24.5%  in  analysis  E150.  Maximum  total  top  floor  drift  is  comparable  in  the 
analyses,  1.94%  in  analysis  E150N,  vs.  1.98%  in  analysis  FEMA  273-N. 

(g)  FEMA  273/274  Acceptance  Criteria 

FEMA  273/273  Section  6.5. 4.4  carries  two  general  acceptance  criteria  for  evaluating  the  “design 
actions”  in  deformation-controlled  members. 

First,  the  DCRs  of  the  primary  components  must  be  checked  (Equation  6.25).  If  the  average 
DCRs  of  columns  in  a  story  level  exceed  the  average  values  of  the  slab  DCRs  in  that  level,  and  certain 
other  criteria  are  met,  then  that  story  must  be  treated  as  a  weak  story,  which  triggers  the  application  of 
special  measures.  DCRs  for  column  and  slab  flexure  are  presented  in  Tables  6.29  -  6.31.  Because  of  the 
use  of  the  column  collars  in  the  model  structure,  column  shear  DCRs  are  not  presented.  The  column  DCRs 
are  seen  to  be  below  the  slab  DCRs. 

Second,  for  structural  elements  controlled  by  deformation  actions,  each  element  must  be  assessed: 

Qud 

PCR  _  Qce  .  1Q  (6.38) 

ntK  mtc 

In  Equation  6.38,  the  term  m  is  an  element  demand  modifier  that  accounts  for  the  expected  element  ductility 
for  the  performance  level  that  is  selected  for  the  design.  The  term  k  represents  a  “knowledge  factor”  that 
accounts  for  the  designer’s  knowledge  of  the  structure.  In  this  case,  with  comprehensive  knowledge  of  the 
structure  at  hand,  a:  is  1.0. 

In  this  analysis,  the  “Life  Safety”  (LS)  performance  level  as  defined  by  FEMA  273/274  was 
selected.  Table  6-11  of  FEMA  273  lists  the  LS  m  factor  for  the  column  conditions  found  here  as  2.0. 

Table  6-14  of  FEMA  273  lists  the  LS  m  factor  for  the  slab  conditions  found  here  as  1.625. 

Evaluation  of  Equation  6.38  is  shown  in  Tables  6.29  -  6.31,  in  the  table  columns  labeled  as  “Eq. 
6.38.”  Where  a  value  in  those  columns  exceeds  1.0,  FEMA  273  recommends  the  member  capacity  as 
insufficient. 

For  the  analyses  with  VEDs  installed,  both  the  LDP  and  LSP-3  indicate  that  column  capacities  are 
satisfactory.  The  slab-column  connections  on  floors  1  and  2  are  unsatisfactory,  while  the  slab-column 
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connections  on  floor  3  are  satisfactory. 

For  the  analyses  without  VEDs,  both  the  LDP  and  LSP  indicate  that  column  capacities  are 
unsatisfactory  at  numerous  locations.  The  interior  slab-column  connections  on  all  floors  unsatisfactory, 
while  the  exterior  slab-column  connections  on  floors  1  and  2  are  satisfactory. 

6.8  Primary  Observations  from  Interpretations  of  Strength  and  Stiffness  Response 

The  effective  beam  width  modeling  procedure  provides  accurate  predictions  of  global  maximum 
response  of  the  slab-column  structure,  both  with  and  without  VEDs.  For  the  cases  where  VED  brace 
forces  in  the  experimental  simulations  were  measured,  the  corresponding  analyses  indicate  that  maximum 
member  force  distributions  in  the  planar  column  line  of  the  analysis  were  also  reasonably  accurately 
predicted.  The  procedure  is  seen  to  be  very  sensitive  to  variations  of  member  properties,  particularly 
equivalent  beam  widths  for  slab  elements  and  effective  stiffness  and  damping  properties  of  the  VEDs.  This 
high  sensitivity  dictates  that  very  careful  attention  be  paid  to  assessing  the  condition  of  the  structure  and  the 
way  in  which  the  VEDs  will  behave  when  attached  to  it.  The  effective  beam  width  procedure  is  planar  in 
nature  and  does  not  provide  any  information  about  lateral  force  distributions  in  the  slabs,  spandrel  beams, 
or  connections.  The  analyst  is  required  to  apply  lessons  learned  from  the  results  of  other  experimental 
work  to  assess  the  lateral  load  distribution. 

The  use  of  linear  elastic  models  of  the  structural  stiffness  properties  was  seen  to  be  practical  and 
accurate,  so  long  as  thorough  assessment  of  the  structural  condition  could  be  made  for  use  in  establishing 
those  properties  and  the  objective  was  to  assess  maximum  response.  Because  the  inelastic  energy 
dissipation  capability  of  slab-column  construction  is  more  limited  than  in  well-detailed  beam-column 
construction,  the  elastic  modeling  approach  is  more  effectively  employed.  In  addition,  the  complexity  of 
modeling  lateral  force  and  strain  distributions  in  slab-column  construction  would  likely  negate  any  gain  in 
accuracy  that  would  arise  from  the  use  of  currently  available  2-D  analysis  software  that  models  inelastic 
behavior.  Such  an  approach  limits  accurate  assessment  of  force  redistributions  that  occur  because  of 
inelastic  behavior. 

Comparing  the  analytical  results  with  corresponding  measured  experimental  results  indicates  that 
the  most  recently  available  effective  beam  width  models  can  be  used  accurately  to  predict  response  of  a 
previously  undamaged  structure.  In  the  tests  with  VEDs  installed,  the  experimentally  observed  tangent 
stiffnesses  closely  paralleled  the  secant  stiffnesses  of  the  Robertson  models.  In  tests  with  VEDs  removed. 
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which  occurred  after  a  number  of  damaging  events  with  VEDs  installed,  the  experimentally  observed 
stiffnesses  were  well  below  those  derived  using  the  current  models.  In  those  tests,  the  stiffness  of  the 
structure  remained  substantially  constant  until  after  a  number  of  additional  damaging  simulations,  with 
maximum  drift  exceeding  1.5%. 

Comparison  of  the  test  results  with  prevailing  methods  of  computing  slab,  spandrel,  and  slab- 
column  strengths  indicates  that  the  current  methods  are  conservative  (which  is  desirable).  The  model 
structure  sustained  repeated  earthquake  simulations,  with  PGAs  approaching  0.9  g  in  the  highest  intensity 
simulations,  without  catastrophic  failure. 

Two  overarching  factors  are  likely  to  be  at  the  root  of  the  observed  conservatism  in  both  stiffness 
and  strength.  First,  almost  all  of  the  experimental  work  that  has  been  conducted  on  slab-column  structures 
has  been  on  subassemblages.  Most  of  the  previous  work  has  been  performed  on  single  connection 
subassemblages,  though  some  of  it  has  examined  single  story  models  consisting  of  several  columns.  Only 
one  previous  experimental  study  [28]  has  examined  a  multistory  shaking  table  model.  Current  analytical 
models  for  both  strength  and  stiffness  rely  largely  on  subassemblage  data.  Echoing  the  observations 
reported  in  Reference  28,  the  structural  system  here  seems  to  be  both  stiffer  and  stronger  than  is  predicted 
by  the  available  models.  The  force  redistributions  that  are  accommodated  in  the  system  are  not  available 
in  the  majority  of  the  subassemblage  tests.  Second,  with  enough  reinforcement  present  to  maintain 
structural  integrity,  the  cracking  mechanisms  that  occurred  in  the  slab  and  spandrels  reduced  moment 
transfers  in  the  slabs,  lowering  demands  on  critical  zones  in  the  structure.  These  observations  indicated 
that  the  “Life  Safety”  goal  in  older  buildings  may  be  more  easily  attained  than  previously  thought  although 
serviceability  is  still  an  issue. 

The  analyses  of  VED  behavior  show  clearly  that  such  devices  can  lower  displacement  demands, 
which  is  critical  for  serviceability  and  structural  integrity.  Four  primary  issues  arise  from  the  analyses. 
First,  the  VEDs  must  be  mounted  in  the  structure  in  a  manner  that  ensures  coupling  their  stiffness  and 
damping  characteristics  into  it.  In  all  reported  previous  experiments,  VEDs  were  employed  in  beam- 
column  models  that  possessed  sufficient  connection  stiffness  to  accommodate  such  coupling.  The  highly 
flexible  slab-column  connections  apparently  permitted  rotations  to  occur  that  prohibited  full  coupling. 
Second,  comparing  the  analyses  with  the  experimental  data  shows  that  VED  properties  are  highly  variable. 
This  simply  confirmed  the  published  literature  on  VEDs.  Without  the  inclusion  of  strain  and  frequency- 
dependent  VED  models,  the  analyst  will  need  to  work  carefully  to  select  VED  properties  that  are  based  on 
anticipated  response  frequencies  and  maximum  strains.  It  is  likely  that  an  iterative  process  will  be  required 
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to  realize  a  final  configuration  of  VEDs.  The  VEDs  in  this  study  were  overdesigned  for  their  intended 
application.  Third,  the  analyses  refute  the  use  of  an  equivalent  modal  damping  ratio  without  modeling 
individual  VEDs.  While  the  use  of  an  equivalent  modal  damping  ratio  can  give  good  general  global 
response,  individual  member  actions  are  heavily  influenced  by  local  behavior.  The  use  of  individual  VED 
elements  for  both  stiffness  and  viscous  damping  force  provides  more  accurate  representation  of  element 
behavior.  With  the  inclusion  of  such  elements  in  commercially  available  software,  use  of  individual  VED 
elements  is  prudent.  While  not  explored  in  this  study,  it  seems  intuitively  obvious  that  other  supplemental 
energy  dissipation  devices,  such  as  viscous  dampers,  would  also  be  better  modeled  in  this  manner. 

It  is  also  reassuring  and  helpful  to  note  that  the  high  degree  of  damping  that  can  be  added  to  a 
structure  with  supplemental  energy  dissipation  devices  makes  both  displacement  and  inertia  response  less 
sensitive  to  variations  in  stiffness  in  the  baseline  structure,  reducing  somewhat  the  need  for  highly  accurate 
modeling  of  stiffness  properties. 

The  FEMA  273/274  analyses  showed  that  the  current  FEMA  273/274  approach  for  analyzing 
slab-column  construction  is  very  similar  to  the  other  analyses  that  were  performed  and  is  thus  subject  to  the 
same  general  strengths  and  limitations.  Two  noteworthy  shortcomings  of  the  FEMA  273/274  approach 
relate  to  the  low  stiffness  of  slab-column  construction.  The  empirical  methods  for  computing  the  natural 
period  and  for  determining  the  vertical  distribution  of  lateral  forces  for  use  in  the  FEMA  273/274  Linear 
Static  Procedure  are  inaccurate.  With  VEDs  included,  the  Linear  Static  Procedure  is  cumbersome  to 
apply.  The  availability  of  commercial  software  that  includes  the  ability  to  model  both  the  stiffiiess  and 
viscous  damping  characteristics  of  VEDs  makes  the  Linear  Dynamic  Procedure  more  appealing. 
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CHAPTER  7 

SUMMARY  AND  CONCLUSIONS 


7.1  Objective  and  Scope 

The  objective  of  this  study  was  to  investigate  the  dynamic  behavior  of  a  lightly  reinforced  concrete 
(LRC)  slab-column  structure  that  was  modified  by  adding  viscoelastic  dampers  (VEDs)  to  it.  The 
investigation  was  dual-focused.  An  experimental  program  involved  subjecting  an  LRC  slab-column  model 
to  earthquake  simulations  on  the  USACERL  shaking  table.  A  complementary  analytical  program  used  the 
commercially  available  ETABS  [17]  structural  analysis  software  to  analyze  the  response  of  the  model 
during  the  earthquake  simulations.  Through  the  investigation,  simplified  analytical  methods  to  facilitate  the 
use  of  VEDs  in  seismic  retrofit  and  rehabilitation  of  LRC  slab-column  structures  were  sought. 

7.2  Experimental  Program 

To  achieve  the  research  objective,  a  replica  of  an  existing  LRC  slab-column  structure  was 
fabricated  and  subjected  to  simulated  earthquake  motions  on  die  USACERL  shaking  table. 

(a)  Model  Structure 

The  prototype  for  this  study  is  a  three  wing  “H-shaped”  complex  of  three  story  structures  that  was 
constructed  in  the  mid-1950's  near  Seattle,  WA.  One  wing  of  the  complex  was  modeled.  The  wing  is 
rectangular  in  plan,  with  dimensions  of  approximately  40  feet  by  1 17  feet  (Figures  2. 1  and  2.2). 

The  structural  framing  system  is  predominately  an  LRC  slab-column  moment  frame,  which 
contains  a  number  of  key  reinforcement  detailing  inadequacies.  Column  longitudinal  reinforcement  splices 
are  located  immediately  above  the  floor  levels.  Longitudinal  reinforcement  splice  lengths  are  inadequate  to 
meet  ACI 3 18-95  [7]  requirements,  indicating  potential  inadequate  development  for  full  load  transfer. 
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Column  reinforcement  tie  spacing  in  joint  regions  is  about  twice  that  required  by  ACI 3 18-95 .  Slab  bottom 
reinforcement  is  discontinuous  in  the  interior  column  region,  violating  ACI  318-95  requirements  for 
reinforcement  continuity.  Spandrel  beam  stirrups  are  too  widely  spaced  to  meet  ACI  318-95  requirements. 

hi  addition  to  the  inadequate  reinforcement  details,  the  original  total  design  lateral  load  was  about 
half  that  now  required  by  NEHRP  [32]  in  the  Seattle  area.  The  vertical  distribution  of  the  total  design 
lateral  force  was  also  more  uniform  than  required  by  NEHRP  [32],  which  requires  concentrating  higher 
percentages  of  total  load  in  the  upper  stories. 

A  transverse  section  near  the  center  of  the  prototype  length  was  modeled.  The  model  was 
constructed  at  one-third  of  full  scale  (Figures  2.7  and  2.8).  Insofar  as  possible,  reinforcement  was  scaled 
to  one-third  of  the  prototype.  Deformed  steel  wire  was  used  to  model  the  reinforcement.  Slab 
reinforcement  consisted  of  D3  and  D5  wire,  while  column  reinforcement  consisted  of  D7  and  D9  wire. 

Wire  used  for  column  and  slab  primary  reinforcement  was  annealed  to  lower  its  yield  strength  to 
approximately  40  ksi.  Unconfined  compressive  strength  of  the  concrete  in  the  model  averaged  about  5.9 
ksi.  First-story  columns  in  the  model  were  cast  over  longitudinal  reinforcement  that  extended  out  of  a 
monolithic  reinforced  concrete  base  girder.  Each  floor  slab  and  its  six  supporting  columns  were  cast 
monolithically. 

To  simulate  gravity  load  stresses  in  the  model  and  provide  mass  similitude,  lead  ingots  were  placed 
on  the  floor  slabs.  The  ingots  were  placed  on  elastomeric  pads,  minimizing  their  interactions  with  the 
slabs,  and  then  bolted  to  the  slabs.  The  resulting  floor  load  in  the  model  was  approximately  100  psf  on 
each  floor. 

VEDs  were  added  in  the  column  lines  of  the  test  structure  by  using  diagonal  braces  that  contained 
them  as  links  in  the  braces  (Figures  2.9  and  2.10).  The  braces  were  attached  to  the  columns  by  means  of 
steel  collars  that  were  placed  on  the  columns.  The  collars  confined  the  column  concrete  in  the  lap  splice 
zones,  improving  flexural  capacity.  Column  flexural  strength  was  increased  at  the  connections  to  the  base 
girder  by  substituting  No.  3  bars  of  Grade  60  steel  for  the  D7  and  D9  annealed  wire  reinforcement. 

(b)  Testing  Procedures 

Two  different  sized  VEDs  were  supplied  by  3M  Corporation.  The  primary  VED  configuration 
consisted  of  3"  x  6"  x  1"  pads  of  3M ISD  1 10  polymer  (Figure  2.26).  The  one  inch  pad  thickness  was 
provided  by  two  Vi”  thick  bonded  layers.  A  secondary  configuration  consisted  of  3"  x  3"  x  1"  polymer 
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pads.  Prior  to  earthquake  simulation  testing,  representative  samples  of  the  VEDs  were  subjected  to  static 
and  dynamic  tests  in  a  universal  testing  machine.  These  tests  enabled  calibration  of  VED  stiffness  and 
damping  properties  with  unpublished  manufacturer’s  data.  They  also  served  to  point  out  problems  with 
adhesive  bonding  of  the  viscoelastic  material  and  the  steel  plates  in  the  VEDs. 

Following  its  construction,  the  model  was  placed  on  the  shaking  table  and  subjected  to  earthquake 
simulations.  Approximately  75  channels  of  data  were  recorded  in  each  test.  The  acquired  data  included 
longitudinal  and  lateral  accelerations  and  displacements  of  the  shaking  table,  base  girder,  and  each  floor; 
VED  shear  deformations  and  brace  forces,  and  reinforcement  strains  in  selected  column  and  slab  locations. 

Dining  the  initial  checkout  of  the  shaking  table  hydraulic  system  following  the  placement  of  the 
model  on  the  table,  a  spurious  horizontal  actuator  motion  excited  the  model  and  cracked  the  columns, 
spandrels,  and  slabs.  The  structure  thus  had  some  damage  and  associated  stiffness  degradation  at  the 
outset  of  testing.  The  damage  was  most  consequential  in  the  spandrel  beams  adjacent  to  the  exterior 
column  faces  and  in  the  slabs  near  the  spandrels  on  the  first  and  second  story  levels. 

Before  the  start  of  the  earthquake  simulations,  natural  frequencies  and  equivalent  viscous  damping 
properties  of  the  baseline  structure  in  four  different  configurations  were  determined:  with  no  VEDs  or 
braces  installed,  with  solid  steel  braces  installed,  with  small  VEDs  installed,  and  with  large  VEDs  installed. 

All  earthquake  simulations  with  VEDs  installed  were  completed  before  any  earthquake  simulations 
without  VEDs  were  performed.  For  the  simulations  with  VEDs  installed,  two  characteristic  earthquake 
records  were  used.  The  first  was  the  El  Centro  site  record  from  the  May  18, 1940,  Imperial  Valley,  CA, 
earthquake.  The  second  was  the  Taft  site  record  from  the  July  21, 1952,  Kem  County,  CA,  earthquake. 
Time  scales  for  both  records  were  compressed  by  V3 .  Peak  motion  amplitudes  and  frequency  contents  of 
the  two  records  differ,  allowing  some  comparison  of  VED  performance  under  different  loading  conditions. 
The  Taft  record  motion  amplitude  was  multiplied  by  a  factor  of  2.1  to  equilibrate  its  Housner  intensity  [20] 
with  that  of  the  El  Centro  record. 

After  each  earthquake  simulation,  modal  characteristics  of  the  model  were  determined,  and  the 
model  was  checked  visually  for  cracking  or  other  deterioration.  The  primary  means  of  assessing  modal 
characteristics  was  through  analyzing  acceleration-based  transfer  functions  of  the  model.  Transfer 
functions  were  generated  from  Fast  Fourier  Transforms  (FFTs)  of  both  the  simulation  time-histories  and 
from  low-level  white  noise  tests  (WNTs). 

Researchers  conducted  a  series  of  low  level  (PGA  <  0.2  g)  earthquake  simulations  with  the  small 
VEDs  installed,  using  both  the  El  Centro  and  Taft  acceleration  records.  The  structure  was  then  tested 
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using  the  same  records  with  large  VEDs  installed. 

After  the  low  level  simulations  ,  further  simulations  were  conducted  using  only  the  large  VEDs.  A 
series  of  simulations  of  increasing  input  motion  intensity  was  conducted,  with  PGAs  ranging  from  0.05  g  to 
almost  0.90  g.  The  sequence  of  tests  involved  running  an  El  Centro  simulation  followed  by  a  Taft 
simulation  of  approximately  the  same  Housner  intensity,  then  repeating  the  sequence  at  a  higher  intensity. 
These  simulations  were  conducted  until  the  displacement  limits  of  the  shaking  table  horizontal  actuators 
were  reached.  At  this  point,  significant  damage  in  the  model  had  not  occurred. 

Earthquake  simulations  were  then  conducted  on  the  structure  with  the  VEDs  and  their  braces 
removed.  The  collars  that  were  used  to  attach  the  VEDs  to  the  columns  were  left  in  place,  so  that  the  only 
test  variable  that  was  changed  was  the  effects  of  the  dampers  and  braces.  These  simulations  used  only  the 
El  Centro  record  as  input,  with  PGAs  ranging  from  0.10  g  to  almost  1.00  g.  Testing  was  concluded  after 
1.00  g  El  Centro  simulation,  when  failure  of  the  second  and  third  story  exterior  slab-column  joints 
occurred. 

7.3  Primary  Observations  from  the  Experimental  Program 

Experimental  results  are  summarized  in  Chapter  4  and  discussed  in  Chapter  5 .  Appendix  D 
provides  a  complete  listing  of  data  recorded  in  the  earthquake  simulations.  A  number  of  key  observations 
concerning  the  addition  of  VEDs  to  the  slab-column  structure  resulted  from  the  experimental  program. 

Most  importantly,  the  VEDs  significantly  reduced  lateral  displacements  in  the  structure,  enhancing 
its  serviceability.  For  example,  in  simulations  E100DL  and  E100N,  the  0.41g  El  Centro  simulations  with 
and  without  VEDs,  maximum  interstory  drifts  in  the  second  story,  which  sustained  the  largest  interstory 
drifts,  were  0.76%  and  1.76%,  respectively.  For  comparable  input  motion  intensities,  interstory  drifts  for 
all  stories  were  higher  in  the  simulations  without  VEDs.  In  both  the  simulations  with  VEDs  and  those 
without,  lateral  displacements  normalized  by  PGA  increased  slightly  with  increasing  PGA.  In  the 
simulations  with  VEDs  present,  the  increasing  normalized  displacements  primarily  result  from  reductions 
in  the  stiffness  and  damping  contributions  of  the  VEDs  as  their  strains  increase.  In  the  simulations  with  no 
VEDs  present,  the  increasing  normalized  displacements  resulted  from  inelastic  behavior  in  the  LRC 
structure. 

The  hysteretic  behavior  of  the  model  was  greatly  enhanced  by  the  addition  of  the  VEDs.  Story 
shear  vs.  interstory  displacement  plots  show  broad,  smooth  hysteresis  loops  in  simulations  with  VEDs 
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installed.  In  contrast,  comparable  plots  for  simulations  with  VEDs  removed  show  the  highly  pinched  and 
irregular  behavior  that  is  characteristic  of  RC  structures  that  do  not  have  ductile  reinforcing  details.  As 
evidenced  by  the  hysteresis  loops,  energy  dissipation  is  excellent  in  the  simulations  with  VEDs  installed. 
Over  90%  of  the  input  energy  in  those  simulations  is  dissipated  by  the  VEDs.  By  contrast,  in  the 
simulations  without  VEDs,  recoverable  energy  dissipation  is  poor,  and  most  energy  is  dissipated  through 
inelastic  damage  to  the  model. 

Inertial  behavior  of  the  model  differed  from  its  displacement  response.  On  the  first  and  second 
floor  levels,  maximum  accelerations  in  the  simulations  with  VEDs  present  and  those  with  VEDs  removed 
were  very  comparable,  while,  on  the  third  floor  level,  maximum  accelerations  in  simulations  with  VEDs 
present  were  higher  than  in  those  with  VEDs  removed.  In  the  simulations  with  VEDs  present,  the  response 
was  dominated  by  the  first  mode.  In  the  simulations  with  VEDs  removed,  second  and  third  mode 
responses  were  significant.  The  second  mode  was  most  influential  in  the  acceleration  response  when  VEDs 
were  not  present.  For  example,  in  dynamic  analyses  that  were  conducted  for  Chapter  6,  isolation  of  the 
first  mode  base  shears  from  the  total  base  shears  showed  that  base  shears  were  50%  -  75%  higher  in  the  1  - 
3  sec  portion  of  the  El  Centro  simulations  when  all  modes  were  considered  than  when  only  the  first  mode 
was  considered. 

Because  of  the  higher  modes,  floor  acceleration  maxima  in  the  simulations  without  VEDs  did  not 
occur  simultaneously.  Story  shears  that  were  derived  from  the  floor  accelerations  and  masses  showed 
consistently  higher  first  story  (base)  and  second  story  shears  in  the  simulations  with  VEDs  installed  than  in 
simulations  without  VEDs,  for  equal  input  motion  intensities.  Third  story  shears  were  lower  in  the 
simulations  without  VEDs  than  in  comparable  simulations  with  VEDs.  Story  shears  normalized  by  PGA 
remain  essentially  unchanged  with  increasing  PGA,  before  dropping  substantially  in  the  simulations  with 
PGA  >  0.6  g,  with  VEDs  installed.  In  simulations  without  VEDs,  normalized  story  shears  increased 
slightly  with  increasing  PGA,  until  structural  failure  occurred  in  simulation  E200N.  In  the  simulations 
with  VEDs  installed,  both  the  stiffness  and  damping  contributions  of  the  VEDs  decreased  with  increasing 
PGA.  Lower  stiffness  lowers  acceleration  response,  while  lower  damping  increases  acceleration  response. 
These  offsetting  factors  combined  to  hold  the  normalized  accelerations  almost  constant  in  the  simulations 
with  VEDs  installed. 

While  the  VEDs  greatly  improved  the  behavior  of  the  model  in  the  seismic  simulations^  the 
configuration  used  for  the  VEDs  was  found  to  be  inefficient.  The  VEDs  were  mounted  in  a  relatively 
simple  chevron  bracing  scheme,  attached  to  the  primary  structure  via  steel  column  collars.  The  high 
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rotational  flexibility  of  the  joints  in  the  slab-column  structure,  coupled  with  the  rotational  flexibility  of  the 
VEDs  themselves,  permitted  the  VED  braces  to  rotate  out  of  plane,  inducing  P-Delta  effects  in  the  braces 
and  lowering  their  effective  axial  stiffnesses.  This  problem  was  particularly  severe  in  the  third  story,  where 
the  VED  braces  had  almost  zero  stiffness.  These  rotations  prohibited  full  coupling  of  the  VED  stiffness 
and  damping  contributions  into  the  model,  so  that  currently  recognized  VED  design  techniques  would  not 
have  been  accurate.  A  manufacturer-related  overdesign  of  the  VEDs  probably  kept  this  problem  from 
being  worse  than  it  was,  because  the  overdesign  increased  VED  rotational  stiffness. 

The  1950's-era  construction  details  were  significant  factors  to  be  considered  in  the  response.  The 
columns  had  insufficient  lap  splice  lengths  by  ACI 3 18-95  requirements.  The  splices  were  located  in 
vulnerable  locations  immediately  above  the  floor  levels.  Bar  slip  or  pullout  was  a  likelihood  in  the  baseline 
structure  if  no  remedial  measures  had  been  taken.  The  column  collars  confined  the  column  concrete, 
raising  the  effective  compressive  strength  of  the  concrete  and  thus  preventing  significant  bar  slip  from 
occurring  At  the  centerline  column  locations,  the  floor  slab  bottom  steel  was  discontinuous,  in  violation  of 
ACI  318-95  requirements.  Those  locations  were  sources  of  concern  for  combined  shear  and  moment 
transfer  failure,  which  could  be  catastrophic.  However,  no  serious  degradation  occurred  in  those  regions. 
On  the  other  hand  the  wide  tie  spacing  in  the  spandrel  beams  contributed  to  their  torsional  failure, 
ultimately  leading  to  significant  structural  deterioration. 

7.4  Primary  Observations  from  Interpretations  of  Strength  and  Stiffness  Response 

The  analyses  that  were  undertaken  confirmed  the  applicability  of  current  modeling  procedures, 
showed  areas  for  improving  the  accuracy  of  the  procedures,  and  assisted  in  the  general  evaluation  of  the 
experimental  data.  All  analyses  were  performed  using  the  ETABS  structural  analysis  software  [17]. 
Detailed  analytical  results  are  reported  in  Chapter  6. 

The  effective  beam  width  modeling  procedure  provides  accurate  predictions  of  global  maximum 
response  of  the  slab-column  structure,  both  with  and  without  VEDs.  For  the  cases  where  VED  brace 
forces  in  the  experimental  simulations  were  measured,  the  corresponding  analyses  indicate  that  maximum 
member  force  distributions  in  the  planar  column  line  of  the  analysis  could  also  be  reasonably  accurately 
predicted.  The  procedure  is  very  sensitive  to  variations  of  member  properties,  particularly  equivalent  beam 
widths  for  slab  elements  and  effective  stiffness  and  damping  properties  of  the  VEDs.  This  high  sensitivity 
dictates  that  very  careful  attention  be  paid  to  assessing  the  condition  of  the  structure  and  the  way  in  which 
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the  VEDs  will  behave  when  attached  to  it.  The  effective  beam  width  procedure  is  planar  in  nature  and  does 
not  provide  any  information  about  lateral  force  distributions  in  the  slabs,  spandrel  beams,  or  connections. 
The  analyst  is  required  to  apply  lessons  learned  from  the  results  of  other  experimental  work  to  assess  the 
lateral  load  distribution. 

The  use  of  linear  elastic  models  of  the  structural  stiffness  properties  was  seen  to  be  practical  and 
accurate  for  predicting  global  behavior,  so  long  as  thorough  assessment  of  the  structural  condition  could  be 
made  for  use  in  establishing  those  properties  and  the  objective  was  to  assess  maximum  response.  Because 
the  inelastic  energy  dissipation  capability  of  slab-column  construction  is  more  limited  than  in  well-detailed 
beam-column  construction,  the  elastic  modeling  approach  is  more  effectively  employed.  In  addition,  the 
complexity  of  modeling  lateral  force  and  strain  distributions  in  slab-column  construction  would  likely 
negate  any  gain  in  accuracy  that  would  arise  from  the  use  of  currently  available  2-D  analysis  software  that 
models  inelastic  behavior.  Such  an  approach  limits  accurate  assessment  of  force  redistributions  that  occur 
because  of  inelastic  behavior. 

Comparing  the  analytical  results  with  corresponding  measured  experimental  results  indicates  that 
the  newly  available  effective  beam  width  models  can  be  used  accurately  to  predict  the  response  of  a 
previously  undamaged  structure.  In  the  tests  with  VEDs  installed,  the  experimentally  observed  tangent 
stiffnesses  closely  paralleled  the  secant  stiffnesses  that  were  predicted  by  current  models.  At  drifts  below 
1%,  the  experimentally  observed  stiffnesses  were  significantly  higher  than  predicted.  In  the  tests  with 
VEDs  removed,  which  occurred  after  a  number  of  damaging  events  with  VEDs  installed,  the 
experimentally  observed  stiffnesses  were  well  below  those  derived  using  the  current  models.  In  the  tests 
with  VEDs  removed,  the  stiffness  of  the  structure  remained  substantially  constant  until  after  a  number  of 
additional  damaging  simulations  had  occurred,  with  maximum  drift  exceeding  1.5%. 

Comparing  the  test  results  with  prevailing  methods  of  computing  slab,  spandrel,  and  slab-column 
strengths  indicates  that  the  current  methods  are  conservative  (which  is  desirable).  The  model  structure 
sustained  repeated  earthquake  simulations,  with  PGAs  approaching  0.9  g  in  the  highest  intensity 
simulations,  without  catastrophic  failure. 

Two  overarching  factors  are  likely  to  be  at  the  root  of  the  observed  conservatism  in  both  stiffness 
and  strength.  First,  almost  all  of  the  experimental  work  that  has  been  conducted  on  slab-column  structures 
has  been  on  subassemblages.  Most  of  the  previous  work  has  been  performed  on  single  connection 
subassemblages,  though  some  of  it  has  examined  single  story  models  consisting  of  several  columns.  Only 
one  previous  experimental  study  [28]  has  examined  a  multistory  shaking  table  model.  Current  analytical 
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models  for  both  strength  and  stiffness  rely  largely  on  the  subassemblage  data.  Echoing  the  observations 
reported  in  Reference  28,  the  structural  system  here  seems  to  be  both  stiffer  and  stronger  than  is  predicted 
by  the  available  models.  The  force  redistributions  that  are  accommodated  in  the  system  are  not  available 
in  the  majority  of  the  subassemblage  tests.  Second,  with  enough  reinforcement  present  to  maintain 
structural  integrity,  the  cracking  mechanisms  that  occurred  in  the  slab  and  spandrels  reduced  moment 
transfers  in  the  slabs,  lowering  demands  on  critical  zones  in  the  structure.  These  observations  indicated 
that  the  NEHRP  [31]  “Life  Safety”  goal  in  older  buildings  may  be  more  easily  attained  than  previously 
thought,  although  serviceability  is  still  an  issue. 

The  analyses  of  VED  behavior  confirm  that  such  devices  can  lower  displacement  demands,  which 
is  critical  for  improved  serviceability  and  structural  integrity.  Four  primary  issues  arise  from  the  analyses. 
First,  the  VEDs  must  be  mounted  in  the  structure  in  a  manner  that  ensures  coupling  their  stiffiiess  and 
damping  characteristics  into  it.  In  all  reported  previous  experiments,  VEDs  were  employed  in  beam- 
column  models  that  possessed  sufficient  connection  stiffiiess  to  accommodate  such  coupling.  The  highly 
flexible  slab-column  connections  apparently  permitted  rotations  to  occur  that  prohibited  full  coupling. 
Second,  comparing  the  analyses  with  the  experimental  data  shows  that  VED  properties  are  highly  variable. 
Without  the  use  of  strain  and  frequency-dependent  VED  models,  the  analyst  must  work  carefully  to  select 
VED  properties  that  are  based  on  anticipated  response  frequencies  and  maximum  strains.  It  is  likely  that 
an  iterative  process  will  be  required  to  realize  a  final  configuration  of  VEDs.  The  VEDs  in  this  study  were 
overdesigned  for  their  intended  application.  Third,  the  analyses  refute  the  use  of  an  equivalent  modal 
damping  ratio  without  modeling  individual  VEDs.  While  the  use  of  an  equivalent  modal  damping  ratio  can 
give  good  general  global  response,  individual  member  actions  are  heavily  influenced  by  local  behavior. 

The  use  of  individual  VED  elements  for  both  stiffiiess  and  viscous  damping  force  provides  more  accurate 
representation  of  element  behavior.  With  the  inclusion  of  such  elements  in  commercially  available 
software,  use  of  individual  VED  elements  is  prudent.  While  not  explored  in  this  study,  it  is  obvious  that 
other  supplemental  energy  dissipation  devices,  such  as  viscous  dampers,  would  also  be  better  modeled  in 
this  manner. 

It  is  also  reassuring  and  helpful  to  note  that  the  high  degree  of  damping  that  can  be  added  to  a 
structure  with  supplemental  energy  dissipation  devices  makes  both  displacement  and  inertia  response  less 
sensitive  to  variations  in  stiffiiess  in  the  baseline  structure,  reducing  somewhat  the  need  for  highly  accurate 
modeling  of  stiffiiess  properties. 

The  FEMA  273/274  [3 1]  analyses  showed  that  the  current  FEMA  273/274  approach  for  analyzing 
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slab-column  construction  is  very  similar  to  the  other  analyses  that  were  performed  and  is  thus  subject  to  the 
same  general  strengths  and  limitations.  Two  noteworthy  shortcomings  of  the  FEMA  273/274  approach 
relate  to  the  low  stiffness  of  slab-column  construction.  The  empirical  methods  for  computing  the  natural 
period  and  determining  the  vertical  distribution  of  lateral  forces  for  use  in  the  FEMA  273/274  Linear  Static 
Procedure  [LSP]  are  inaccurate.  With  VEDs  included,  the  LSP  is  cumbersome  to  apply.  The  availability 
of  commercial  software  that  includes  the  ability  to  model  both  the  stiffness  and  viscous  damping 
characteristics  of  VEDs  makes  the  Linear  Dynamic  Procedure  more  appealing. 

7.5  Concluding  Remarks 

This  experimental  program  has  shown  that  supplemental  energy  dissipation  devices,  such  as 
VEDs,  can  successfully  be  employed  to  reduce  earthquake-induced  displacements  in  existing  flexible  slab- 
column  structures.  In  this  study,  the  VED-equipped  model  was  able  to  withstand  substantial  lateral 
motions,  with  PGAs  approaching  0.90  g,  without  serious  structural  degradation  and  with  good 
displacement  serviceability.  With  a  substantial  number  of  slab-column  structures  found  in  areas  of 
moderate  seismicity,  the  use  of  such  devices  may  be  a  valuable  alternative  to  the  addition  of  shear  walls  or 
the  strengthening  of  critical  structural  members. 

The  research  showed  the  need  for  care  in  developing  the  structural  configuration  that  is  used  to 
incorporate  VEDs  in  building  rehabilitation  or  retrofit  schemes.  The  use  of  the  VEDs  in  diagonal  braces  in 
the  model  resulted  in  poor  coupling  of  the  VED  stiffness  and  damping  properties  into  the  structure.  The 
VED  effectiveness  was  most  limited  in  the  top  story,  where  slab-column  connections  were  most  flexible. 
The  diagonal  brace  configuration  could  also  result  in  a  related  serviceability  problem  in  field  application, 
as  diagonal  braces  could  leave  VEDs  under  long-term  self-weight  loading.  Without  proper  support  to 
prevent  this,  VEDs  could  creep  downward  and  introduce  the  possibility  of  inducing  secondary  moments 
during  earthquakes.  A  more  appropriate  approach  is  to  attach  the  VEDs  to  the  parent  structure  in  a 
manner  that  avoids  long-term  self-weight  loads  and  minimizes  the  possibility  of  the  VED  rotations  that 
apparently  occurred  in  this  research. 

The  effective  beam  width  modeling  approach  is  capable  of  providing  accurate  predictions  of 
dynamic  behavior,  when  member  properties  are  precisely  characterized.  In  addition,  elastic  structural 
modeling  procedures  are  adequate  for  analyzing  global  behavior  in  the  retrofit  design  process.  Without 
employing  computationally  intensive  3-D  nonlinear  finite  element  analysis,  and  given  the  complexity  of 
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modeling  the  strength  and  stiffness  characteristics  of  slab-column  frames,  this  approach,  combined  with 
thorough  study  of  the  available  literature,  is  more  justified  than  employing  currently  available  nonlinear  2- 
D  structural  modeling  techniques. 

In  employing  the  effective  beam  width  method,  structural  condition  assessment  and  subsequent 
determination  of  member  properties  are  critical.  Current  techniques  can  accurately  predict  structural 
stiffness,  when  structural  conditions  are  considered.  The  FEMA  273/274  [31]  approach  accurately 
predicted  the  stiffness  properties  of  the  model  in  its  condition  at  the  very  beginning  of  testing  (at  simulation 
E050DL).  Available  literature  is  consistent  on  establishing  column  stiffness  properties,  but  is  somewhat 
inconsistent  on  establishing  effective  slab  width  properties.  The  slab  widths  used  in  analysis  will 
significantly  affect  structural  stiffness.  This  in  turn  would  affect  the  determination  of  VED  properties,  as 
they  are  both  frequency  and  strain  dependent. 

The  results  of  this  research  indicate  that  slab-column  systems  are  somewhat  stronger  than  ACI 
3 18-95  [7]  and  FEMA  273/274  [3 1]  reflect.  This  is  particularly  true  for  the  structure  that  has  had  the 
relatively  simple  addition  of  column  collars  that  would  minimize  reinforcement  slippage  in  splice  zones. 

The  use  of  single-valued  VED  stiffness  and  damping  properties  was  seen  to  be  accurate  in  defining 
maximum  responses.  However,  those  properties  must  be  based  on  conditions  that  accurately  reflect  the 
maximum  displacements  in  the  structure  and  the  structural  stiffness  at  the  times  of  maximum  displacement. 
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Location 


Item 


Table  2. 1  Distributed  Floor  Loads  in  Prototype 


Parameter 

Scaling  Relationship 

Prototype  Vfe-Scale 

Length 

L 

3 

Time 

Vl 

V3  «  1.732 

Mass 

V 

9 

Displacement 

L 

3 

Velocity 

Vl 

V3  *  1.732 

Acceleration 

1 

1 

Stress 

1 

1 

Strain 

1 

1 

Force 

L2 

9 

Shear 

L2 

9 

Bending  Moment 

L3 

27 

Area 

L2 

9 

Moment  of  Inertia 

L4 

81 

Table  2.2  Scaling  Similitude  Requirements  for  Vb-Scale  Model 
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Quantity 

Prototype 

Exact  lA-Scale  Model 

Actual  Model 

Actual/Exact 

Lateral  Column  Spacing,  C-C 

19’ 4" 

77.33" 

77.88" 

1.01 

Longitudinal  Column  Spacing,  C-C 

19-4" 

.  77.33" 

79.75" 

1.03 

Story  Height 

10  ’0" 

40" 

40" 

1.00 

Slab  Thickness 

7" 

2.33" 

2.375" 

1.02 

Slab  Steel  Cover 

0.75” 

0.25" 

0.25" 

1.00 

Exterior  Column  Width 

23.75" 

7.92" 

8.25" 

1.04 

Exterior  Column  Gross  Depth 

. 

12" 

4" 

4.25" 

1.06 

Exterior  Column  Gross  Area 

285  in2 

31.67  in2 

35.06  in2 

1.11 

Exterior  Column  Gross  Moment  of 

3,420  in4 

42.22  in4 

52.78  in4 

1.25 

Interior  Column  Width 

14" 

4.67" 

5.00" 

1.07 

Interior  Column  Gross  Depth 

14" 

4.67" 

5.00" 

1.07 

Interior  Column  Gross  Area 

196  in2 

21.78  in2 

25.00  in2 

1.15 

Interior  Column  Gross  Moment  of 

3,201  in4 

39.52  in4 

52.01  in4 

1.32 

Column  Steel  Cover 

0.75" 

0.25" 

0.375" 

1.50 

Spandrel  Beam  Width 

10" 

3.33" 

4.25" 

1.28 

Spandrel  Beam  Gross  Depth 

15.625" 

5.21" 

5.00" 

0.96 

Spandrel  Beam  Gross  Area 

156.25  in2 

17.36  in2 

21.25  in2 

1.22 

Spandrel  Beam  Gross  Moment  of 

3,179  in4 

39.25  in4 

44.27  in4 

1.13 

Spandrel  Steel  Cover 

0.75" 

0.25" 

0.375" 

1.50 

Table  2.3  Comparison  of  Key  Dimensions  in  Prototype  and  V3-Scale  Model 
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Table  2.4  Prototype  and  Model  Longitudinal  Slab  Reinforcement 


Table  2.5  Prototype  and  Model  Lateral  Slab  Reinforcement 
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Prototype 


Model 


Location 

Steel 

Ratio 

(Pp)1 

Number 

of 

Bars 

Steel 

Ratio 

(Pp)1 

Number 

of 

Bars 

Tie/Stirrup 

Pm/Pp 

Bar 

Diameter 

Spacing 

Bar 

Diameter 

Spacing 

Exterior 

Column 

0.0124 

8  -  #  6 

0.375" 

12" 

0.0120 

6-D7 

0.147" 

4" 

0.97 

Exterior 

Column 

@Base2 

0.0124 

8  -  #  6 

0.375" 

12" 

0.0188 

6- #3 

0.147" 

4" 

1.49 

Interior 

Column 

0.0161 

4  -  #  8 

0.375" 

12" 

0.0144 

4-D9 

0.147" 

4" 

0.89 

Interior 
Column 
@  Base2 

0.0161 

4  -  #  8 

0.375" 

12" 

0.0176 

4  -  #  3 

0.147" 

4" 

1.09 

Spandrel 

Beam 

(-M) 

0.0132 

2  -  #  6 

2  -  #  7 

0.375" 

12" 

0.0113 

2-D12 

0.147" 

4" 

0.85 

Spandrel 

Beam 

(+M) 

0.0084 

3  -#6 

0.0075 

2-D8 

0.89 

1  Reinforcement  ratios  are  based  on  gross  member  dimensions. 

2  Reinforcement  in  first  story  columns  at  connections  with  base  girder. 


Table  2.6  Prototype  and  Model  Column  and  Spandrel  Reinforcement 
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Test  Sequence  No. 

Test  Designation 

Source 

Record 

Shake 
Table 
Span  (%) 

PGA(g) 

Dampers 

Notes 

i 

E001DS 

El  Centro 

i 

N/A 

Small 

Braces  Pinned,  Calibration  Run 

2 

E010DST 

El  Centro 

10 

N/A 

Small 

Braces  Pinned,  Calibration  Run 

8 

T021DS 

9 

E025DMX 

T021DST 


E010DST 

E025DS 


T052DS 


EOIODS 


E025DM 


T052DM 


T021DL 


E025DL 


T052DL 


E050DL 


T105DL 


E075DL 


T157DL 


ElOODL 


T210DL 

E125DL 


T262DL 


E150DL 


T315DL 


E200DLX 


E200DL 


T420DL 


E250DL 


E025N 


E050N 


E075N 


ElOON 


E125N 


E150N 


E200N 


Taft 


El  Centro 
El  Centro 


Taft 


El  Centro 


Taft 


El  Centro 


El  Centro 


Taft 


Taft 


El  Centro 


Taft 


El  Centro 


Taft 

El  Centro 


Taft 


El  Centro 


Taft 


El  Centro 


Taft 


El  Centro 


Taft 


El  Centro 


El  Centro 


Taft 


El  Centro 


Taft 


El  Centro 
_ 

El  Centro 


El  Centro 


El  Centro 
El  Centro 


El  Centro 


0.046 

0.141 

0.099 


0.228 


0.175 

0.312 


0.309 


0.408 

0.414 

0.467 


.553 


0.628 


N/A 

0.858 


0.888 


0.736 


0.108 


0.212 


0.305 


0.408 


0.467 


0.553 


0.983 


Small 


Small 


Small 


Small 


Small 


Small 


Mixed 


Mixed 


Braces  Pinned,  Calibration  Run 


Braces  Pinned,  Calibration  Run 


Braces  Pinned 


Braces  Pinned 


Braces  Pinned 


Braces  Pinned 


Braces  Pinned,  Not  Recorded 


Braces  Pinned 


0.093 

Mixed 

Braces  Pinned 

0.050 

Large 

Braces  Fixed 

Braces  Fixed 


Braces  Fixed 


Braces  Fixed 


Braces  Fixed 


Braces  Fixed 
Braces  Fixed 


Braces  Fixed 


Braces  Fixed 
Braces  Fixed 


Braces  Fixed 


Braces  Fixed 


Braces  Fixed 


Braces  Fixed 

Braces  Fixed,  Not  Recorded 


Braces  Fixed,  0.2  Hz  Hi-Pass  Filter 


Braces  Fixed 


Braces  Fixed,  0.5  Hz  Hi-Pass  Filter 


No  Braces,  Collars  in  Place 


No  Braces,  Collars  in  Place 


No  Braces,  Collars  in  Place 


No  Braces,  Collars  in  Place 


No  Braces,  Collars  in  Place 


No  Braces,  Collars  in  Place 


No  Braces,  Collars  in  Place, 
0.2  Hz  Hi-Pass  Filter 


Source  Records:  El  Centro  S00E,  18  May  1940,  and  Taft  S69E,  21  July  1952 


Table  3 . 1  List  of  Earthquake  Simulations  Performed  on  Model 
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.o 

FL  3  | 

i  5960 

9ori 

1.113  | 

1.151  | 

1.238  I 

0.812  | 

1.306  1 

1  1911 

1.341  I 

1.535  | 

1.464  | 

1.584  f 

1.568  J 

1.454  1 

1.469  j 

pzn 

1.298  | 

1.331  | 

1.155  ! 

ON 

r- 

1.232  1 

1.149  [ 

1.207  | 

o 

oo 

d 

OO 

d 

0.941  j 

686*0 

00 

o 

800*1  I 

1  0-687  1 

fe 

O 

a 

< 

o 

o 

E 

E 

£ 

Cd 

£ 

FL  2 

PZVO 

8160 

0.862 

1680 

I960 

0.596 

1.249 

1.072 

1.144 

1.230 

1.162 

1.208 

1.249 

ON 

i— < 

1.039 

1.361 

1.095 

1.157 

0.985 

1.026 

*'3- 

o 
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Table  4.1  Maximum  Floor  Accelerations  in  Earthquake  Simulations 
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Table  4.2  Maximum  Relative  Displacements  and  Total  Drift  Ratios  in  Earthquake  Simulations 
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Table  4.3  Maximum  Interstory  Displacements  and  Drift  Ratios  in  Earthquake  Simulations 
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Table  4.5  Maximum  Overturning  Moments  in  Earthquake  Simulations 
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Table  4.6  Maximum  Sums  of  Horizontal  Components  of  Damper  Forces 
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Table  4.13  Maximum  Column  Shears  in  Earthquake  Simulations 
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Table  4.15  Modal  Properties  from  Earthquake  Simulations,  Acceleration-Based  Transfer  Functions  (FL  3) 
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Table  4.16  Modal  Properties  from  White  Noise  Tests 
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Shaded  cells  with  bold  print  indicate  strain  maxima  above  approximate  yield  strain. 
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Shaded  cells  with  bold  print  indicate  strain  maxima  above  approximate  yield  strain. 
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Story  1 :  Brace  in  Tension 

Test  Series 

Location 

Curve 

Type 

Equation1 

Correlation  Coefficient 

EO 1 0DL-E200DL 

NE 

Linear 

y  =  0.22  +  17.17x 

0.92 

E010DL-E200DL 

NE 

Quadratic 

y  =  0.08  +  21.44x  -  12.25x2 

0.92 

T02 1 DL-T420DL 

NE 

Linear 

y  =  0.17  +  14.36x 

0.89 

T02 1 DL-T420DL 

NE 

Quadratic 

y  =  -  0.05  +  22.0  lx  -  27.36x: 

0.90 

EO  1 0DL-E200DL 

NW 

y  =  -  0.09  +  16.37x 

0.93 

E010DL-E200DL 

NW 

y  =  -  0.07  +  15.72x  -  1.84x2 

0.93 

T02 1 DL-T420DL 

NW 

Linear 

y  =  -0.14  +  14.58x 

0.90 

T02 1 DL-T420DL 

NW 

y  =  -  0.05  +  1 1.05x  +  12.67x2 

0.90 

E010DL-E200DL 

SE 

Linear 

y  =  0.23  +  9.92x 

0.81 

EO  1 0DL-E200DL 

SE 

Quadratic 

y  =  0.02  +  15.21x  -  14.60x2 

0.81 

T02 1 DL-T420DL 

SE 

Linear 

0.81 

T02 1 DL-T420DL 

SE 

Quadratic 

y  =  0.35  +  8.91x  +  5.03x2 

0.81 

EO  1 0DL-E200DL 

SW 

Linear 

y  =  0.04+  11.90x 

0.79 

E010DL-E200DL 

SW 

Quadratic 

y  =  -  0.04  +  14.07x  -  6.55x2 

0.79 

T02 1 DL-T420DL 

SW 

Linear 

y  =  0.07  +  lO.OOx 

0.81 

T02 1 DL-T420DL 

SW 

Quadratic 

y  =  -  0.10  +  15.51x  -  15.33x2 

0.82 

|  1  x  =  Damper  Displacement  (inches),  y  =  Damper  Force  (kips) 

Table  5. l.a  Curve  Fits  for  Damper  Force  Vs.  Displacement  “Backbone”  Curves,  Brace  in  Tension 
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Story  2:  Brace  in  Tension 

Test  Series 

Location 

Curve 

Type 

Equation1 

Correlation  Coefficient 

E0 1 0DL-E200DL 

NE 

Linear 

y  =  0.10  +  12.60x 

0.91 

E010DL-E200DL 

NE 

Quadratic 

y  =  0.01  +  14.67x  -  3.80x2 

0.91 

T02 1 DL-T420DL 

NE 

Linear 

y  =  0.1 1  +  10.95x 

0.89 

T02 1 DL-T420DL 

NE 

Quadratic 

y  =  -  0.02  +  15.26x  -  11.12x2 

0.89 

E0 1 ODL-E200DL 

NW 

Linear 

y  =  0.05  +  15.00x 

0.91 

E0 1 0DL-E200DL 

NW 

Quadratic 

y  =  -  0.20  +  21.13x  -  13.07x2 

0.92 

T02 1 DL-T420DL 

NW 

Linear 

y  =  0.09  +  13.08x 

0.82 

T02 1 DL-T420DL 

NW 

Quadratic 

y  =  -0.15  +  18.94x  -  15.67x2 

0.82 

E0 1 0DL-E200DL 

SE 

Linear2 

y  =  0.16  +  9.47x 

0.72 

E0 1 0DL-E200DL 

SE 

Quadratic2 

y  =  -  0.24  +  18.82x  -  23.77x2 

0.76 

T02 1 DL-T420DL 

SE 

Linear 

y  =  0.06  +  8.69x 

0.69 

T02 1 DL-T420DL 

SE 

Quadratic 

y  =  -  0.06  +11 .28x  -  5.89x2 

0.69 

E010DL-E200DL 

SW 

Linear 

y  =  0.13  +  14.39x 

0.85 

E0 1 0DL-E200DL 

sw 

Quadratic 

y  =  -  0.02  +  17.92x  -  8.98x2 

0.85 

T02 1 DL-T420DL 

SW 

Linear 

y  =  0.18  +  12.17x 

0.89 

T02 1 DL-T420DL 

sw 

Quadratic 

y  =  -  0.05  +  17.03x  -  10.51x2 

0.90 

1  x  =  Damper  Displacement  (inches),  y  =  Damper  Force  (kips) 

2  Curve  fit  performed  through  peak  damper  displacement  of  0.35 


Table  5. l.b  Curve  Fits  for  Damper  Force  Vs.  Displacement  “Backbone”  Curves,  Brace  in  Tension 


Story  3:  Brace  in  Tension 

Test  Series 

Location 

Curve 

Im 

Equation1 

Correlation  Coefficient 

EO 1 0DL-E200DL 

NE 

y  =  -  0.15  +  6.63x 

0.73 

EO 1 0DL-E200DL 

NE 

Quadratic 

y  =  0.05  +  0.72x  +  16.73x! 

0.77 

T02 1 DL-T420DL 

NE 

Linear 

y  =  -  0.12  +  5.00x 

0.67 

T02 1 DL-T420DL 

NE 

Quadratic 

y  =  0.09-  1.89x  +  27.17x2 

0.73 

EO  1 0DL-E200DL 

NW 

Linear 

y  =  -  0.02  +  8.24x 

0.70 

EO  1 0DL-E200DL 

NW 

Quadratic 

y  =  0.08  +  7.33x  +  2.65x2 

0.70 

T02 1 DL-T420DL 

NW 

Linear 

y  =  -  0.09  +  8.72x 

0.73 

T02 1 DL-T420DL 

NW 

Quadratic 

0.73 

EO  1 0DL-E200DL 

SE 

Linear2 

y  =  -  0.05  +  5.65x 

0.65 

EO  1 0DL-E200DL 

SE 

Quadratic2 

y  =  0.09  -  0.17x  +  25.13x2 

0.65 

T02 1 DL-T420DL 

SE 

0.52 

T02 1 DL-T420DL 

SE 

Quadratic 

y  =  0.01  +  1.34x  +  9.06x2 

0.54 

EO  1 0DL-E200DL 

SW 

Linear 

y  =  0.03  +  9.18x 

0.83 

EO  1 0DL-E200DL 

SW 

y  =  -  0.08  +  13.85x  -  19.84x2 

0.85 

T02 1 DL-T420DL 

SW 

y  =  -  0.01  +  9.28x 

0.81 

T02 1 DL-T420DL 

SW 

0.82 

1  x  =  Damper  Displacement  (inches),  y  =  Damper  Force  (kips) 

2  Curve  fit  performed  through  peak  damper  displacement  of  0.30”. 

Table  5.1.c  Curve  Fits  for  Damper  Force  Vs.  Displacement  “Backbone”  Curves,  Brace  in  Tension 
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Story  1:  Brace  in  Compression 

Test  Series 

Location 

Curve 

Type 

Equation1 

Correlation  Coefficient 

EO 1 0DL-E200DL 

NE 

Linear 

y  =  0.53  +  7.75x 

0.81 

E010DL-E200DL 

NE 

Quadratic 

y  =  -  0.03  +  18.16x  -  23.78x2 

0.87 

T02 1 DL-T420DL 

NE 

Linear 

y  =  0.25  +  9.16x 

0.85 

T02 1 DL-T420DL 

NE 

Quadratic 

y  =  -  0.08  +  19.99x  -  39.1  lx: 

0.90 

EO  1 ODL-E200DL 

NW 

Linear 

y  =  0.10  +  4.40x 

0.63 

EO  1 0DL-E200DL 

NW 

Quadratic 

y  =  0.07  +  5.25x  -  2.4  lx2 

0.63 

T02 1 DL-T420DL 

NW 

Linear 

y  =  0.13  +  2.92x 

0.49 

T02 1 DL-T420DL 

NW 

Quadratic 

y  =  0.06  +  4.24x  -  3.28x2 

0.50 

EO  1 0DL-E200DL 

SE 

Linear 

y  =  0.31  +9.12x 

0.78 

EO  1 0DL-E200DL 

SE 

Quadratic 

y  =  -  0.05  +  17.94x  -  20.84xJ 

0.82 

T02 1 DL-T420DL 

SE 

Linear 

y  =  0.14  +  9.55x 

0.84 

T021DL-T420DL 

SE 

Quadratic 

y  =  0.04  +  12.57x  -  10.39xJ 

0.85 

EO  1 0DL-E200DL 

SW 

Linear 

y  =  0.33  +  12.34x 

0.87 

EO  1 ODL-E200DL 

SW 

Quadratic 

y  =  0.00  +  20.78x  -  21.65x2 

0.90 

T02 1 DL-T420DL 

SW 

Linear 

y  =  0.09+  1 1 .8  lx 

0.86 

T02 1 DL-T420DL 

SW 

Quadratic 

y  =  0.04  +  13.44x-5.57x2 

0.86 

1  1  X  =  Damper  Displacement  (inches),  y  =  Damper  Force  (kips) 

Table  5.2.a  Curve  Fits  for  Damper  Force  Vs.  Displacement  “Backbone”  Curves,  Brace  in  Compression 


Story  2:  Brace  in  Compression 

Test  Series 

Location 

Curve 

Type 

Equation1 

Correlation  Coefficient 

EO 1 0DL-E200DL 

NE 

Linear 

y  =  0.23  +  8.30x 

0.90 

EO 1 0DL-E200DL 

NE 

Quadratic 

y  =  -  0.03  +  13.52x  -  9.63x2 

0.91 

T02 1 DL-T420DL 

NE 

Linear 

y  =  0.15  +  8.33x 

0.89 

T02 1DL-T420DL 

NE 

0.89 

EO  1 0DL-E200DL 

NW 

Linear 

y  =  0.23  +  5.39x 

0.65 

EO  1 0DL-E200DL 

NW 

Quadratic 

y  =  0.06  +  8.71x  -  7.55x2 

0.66 

T02 1 DL-T420DL 

NW 

Linear 

y  =  0.13+4.27X 

0.70 

T02 1 DL-T420DL 

NW 

Quadratic 

y  =  -  0.01  +  7.30x  -  6.24x2 

0.71 

EO  1 ODL-E200DL 

SE 

Linear 

y  =  0.44  +  4. 13x 

0.58 

EO  1 0DL-E200DL 

SE 

Quadratic 

y  =  0.00+1 3. 65x-20.69x2 

0.71 

T02 1 DL-T420DL 

SE 

Linear 

y  =  0.13  +  5.25x 

0.67 

T02 1 DL-T420DL 

SE 

Quadratic 

y  =  -  0.01  +  9.30x  -  12.27x2 

0.69 

EO  1 0DL-E200DL 

SW 

Linear 

y  =  0.46  +  8.78x 

0.71 

EO  1 0DL-E200DL 

SW 

Quadratic 

y  =  -  0.20  +  22.58x  -  27.71x2 

0.79 

T02 1 DL-T420DL 

SW 

Linear 

y  =  0.34  +  9.47x 

0.71 

T02 1 DL-T420DL 

SW 

Quadratic 

y  =  -  0.1 1  +20.44x  -  28.63x2 

0.75 

1  x  =  Damper  Displacement  (inches),  y  =  Damper  Force  (kips) 

Table  5.2.b  Curve  Fits  for  Damper  Force  Vs.  Displacement  “Backbone”  Curves,  Brace  in  Compression 
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j  Story  3:  Brace  in  Compression 

Test  Series 

Location 

Curve 

Type 

Equation1 

Correlation  Coefficient 

E010DL-E200DL 

NE 

Linear 

y  =  0.05  +  1.22x 

0.32 

EO 1 ODL-E200DL 

NE 

Quadratic 

y  =  0.04  +  1.62x  -  1.40x2 

0.32 

T021DL-T420DL 

NE 

Linear 

y  =  -  0.06  +  2.40x 

0.50 

T02 1 DL-T420DL 

NE 

Quadratic 

y  =  0.02  -  0.17x  +  7.54x2 

0.54 

EO  1 0DL-E200DL 

NW 

Linear 

y  =  0.08 +  0.7  lx 

0.12 

EO  1 ODL-E200DL 

NW 

Quadratic 

y  =  0.06  +  1.40x-2.73x2 

0.12 

T02 1 DL-T420DL 

NW 

Linear 

y  =  0.06  -  0.36x 

0.07 

T02 1 DL-T420DL 

NW 

Quadratic 

y  =  0.08-  1.50x  + 4.1 7x2 

0.11 

EO  1 ODL-E200DL 

SE 

Linear 

y=  0.06  +  1.40x 

0.27 

EO  1 ODL-E200DL 

SE 

Quadratic 

y  =  0.09  +  0.22x  +  3.59x2 

0.28 

T02 1 DL-T420DL 

SE 

Linear 

y=  0.01+0.85x 

0.19 

T02 1 DL-T420DL 

SE 

Quadratic 

y  =  0.07  -  2.98x  +  18.40x2 

0.37 

EO  1 ODL-E200DL 

SW 

Linear 

y  =  0.14  +  7.88x 

0.77 

EO  1 ODL-E200DL 

sw 

Quadratic 

y  =  0.05  +  10.71x  -  8.78x2 

0.78 

T02 1 DL-T420DL 

SW 

Linear 

y  =  0.06  +  8.70x 

0.83 

T02 1 DL-T420DL 

sw 

Quadratic 

y  =  0.00  +  11.16x-  10.38x2 

0.84 

1  X  =  Damper  Displacement  (inches),  y  =  Damper  Force  (kips)  I 

Table  5.2.c  Curve  Fits  for  Damper  Force  Vs.  Displacement  “Backbone”  Curves,  Brace  in  Compression 


Test  Series 


EO 1 0DL-E200DL 


T02 1 DL-T420DL 


All  Simulations 


Location 


EO  1 0DL-E200DL 

1 

T02 1 DL-T420DL 

1 

All  Simulations 

1 

NE 

7.75 

17.17 

12.46 

NW 

4.40 

16.37 

10.39 

SE 

9.12 

9.92 

9.52 

SW 

12.34 

11.90 

12.12 

wmm 

8.40 

13.84 

11.12 

NE 

9.16 

14.36 

11.76 

NW 

2.92 

14.58 

8.75 

SE 

9.55 

10.70 

10.13 

SW 

11.81 

10.00 

10.91 

IE iH 

8.36 

12.41 

10.39 

WMSM 

8.38 

13.13 

10.75 

E0 1 0DL-E200DL 

3 

T02 1 DL-T420DL 

3 

All  Simulations 

3 

Stiffness,  Brace  in: 


Story 

Average 

Kips/Inch 


NE 

8.30 

12.60 

10.45 

NW 

5.39 

15.00 

10.20 

SE 

4.13 

9.47 

6.80 

SW 

8.78 

14.39 

11.59 

IE am 

6.65 

12.87 

9.76 

NE 

8.33 

10.95 

9.64 

NW 

4.27 

13.08 

8.68 

SE 

5.25 

8.69 

6.97 

SW 

9.47 

12.17 

10.82 

All  (Avg.) 

6.83 

11.22 

9.03 

All  (Avg.) 

6.74 

12.04 

9.39 
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Average  Damper  Stiffness 


E010DL 


E025DL 


E050DL 


E075DL 


ElOODL 


E125DL 


E150DL 


E200DL 


EOIODL 


E025DL 


E050DL 


E075DL 


ElOODL 


E125DL 


E150DL 


E200DL 


EOIODL 


E025DL 


E050DL 


E075DL 


ElOODL 


E125DL 


E150DL 


E200DL 


First  20  Seconds'  Elapsed  Time 


Story  2  I  S 


EOIODL 


E025DL 


E050DL 


E075DL 


ElOODL 


E125DL 


E150DL 


E200DL 


3.5  Seconds  of  Maximum  Displacement 


Story  2  S 


NE  Damper  


9.8 


11.7 


0.9 

1.5 

1.3 

2.1 

2.0 

4.1 

1.1 

2.8 

1.0 

2.1 

1.1 

1.7 

3.2 

4.0 

1.6 

1.8 

1.5 

2.5 

5.8 

5.3 

5.6 

6.1 

Average  for  All  Dampers  and  All  Simulations 


-0.4  II  4.4  I  3.5 


Table  5.4  Damper  Stiffnesses  Based  on  Linear  Regressions  for  Time-Histories 


190 


Test  Strut 


E010DL  NE 
NW 
SE 
SW 


E025DL  NE 
NW 
SE 
SW 


E050DL  NE 
NW 
SE 
SW 


Stiffness 

Kips/Inch 


4.8 


.5 


.2 


6.8 


3.0 


18.5 


6.1 


6.5 


5.9 


9.3 


17.1 


First  Story 


Brace  in  Tension 


No.  of  Data  Max.  Shear 


Points  (+) 


126 


77 


79 


153 


Strain  (%) 


Damper  Stiffnesses 


Max.  Strut 
Force  (Kips) 


0.46 


0.29 


0.32 


0.31 


Brace  in  Compression 


No.  of  Data 

Max.  Shear 

Max.  Strut 

Points  (-) 

Strain  (%) 

Force  (Kips) 

112 

1.9 

0.32 

418 

1.5 

0.30 

474 

2.5 

0.36 

142 

1.7 

0.37 

E100DL  NE 
NW 
SE 
SW 


E125DL  NE 
NW 
SE 
SW 


E150DL  NE 
NW 
SE 
SW 


E200DL  NE 
NW 
SE 
SW 


99 

7.1 

1.39 

115 

7.1 

1.14 

87 

9.5 

1.98 

66 

8.7 

2.02 

NE 

13.8 

87 

14.3 

3.33 

10.0 

109 

11.1 

1.96 

NW 

8.6 

79 

15.0 

2.59 

-1.8 

112 

10.6 

1.57 

SE 

5.1 

112 

10.5 

1.74 

8.9 

74 

15.1 

2.67 

SW 

KOI 

104 

10.4 

1.96 

6.9 

101 

14.2 

2.91 

119 

15.3 

2.41 

120 

15.1 

1.99 

87 

19.9 

3.31 

94 

19.1 

3.78 

102 

23.7 

4.98 

90 

25.1 

4.42 

120 

18.8 

2.58 

122 

18.4 

2.94 

120 

19.9 

2.88 

122 

19.5 

2.41 

100 

24.6 

3.91 

100 

24.0 

4.50 

119 

23.3 

3.90 

119 

23.1 

3.19 

99 

29.7 

5.22 

106 

28.9 

5.74 

153 

45.5 

5.19 

152 

41.6 

5.28 

127 

48.1 

7.40 

131 

47.0 

7.96 

Table  5.5.a  Individual  Damper  Stiffnesses,  0.25  Dmaxto  1.0  Dmax 
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Test  Strut 


E010DL  NE 
NW 
SE 
SW 


E025DL  NE 
NW 
SE 
SW 


E050DL  NE 
NW 
SE 
SW 


E075DL  NE 
NW 
SE 
SW 


E100DLI  NE 
NW 
SE 
SW 


E125DL  NE 
NW 
SE 
SW 


E150DL  NE 
NW 
SE 
SW 


E200DL  NE 
NW 
SE 
SW 


Brace  in  Tension 


No.  of  Data  Max.  Shear  Max.  Strut 
Points  (+)  Strain  (%)  Force  (Kips) 


102 


996 


175 


152 


J  Brace  in  Compression 

Stiffness 

No.  of  Data 

Max.  Shear 

Max.  Strut 

Kips/Inch 

Points  (-) 

Strain  (%) 

Force  (Kips) 

7.9 

95 

2.0 

0.34 

6.5 

175 

1.5 

0.34 

-2.0 

191 

2.3 

0.35 

8.9 

113 

1.9 

0.43 

108 

12.7 

1.79 

109 

11.1 

1.81 

71 

16.7 

2.90 

81 

15.7 

3.08 

6.6 

97 

33.0 

4.55 

3.7 

14 

24.8 

2.77 

8.2 

104 

29.0 

5.21 

0.0 

114 

22.5 

2.65 

1.4 

132 

20.6 

3.57 

2.4 

93 

30.2 

4.29 

5.5 

127 

21.3 

3.73 

5.3 

98 

28.7 

4.77 

136 

62.0 

9.59 

131 

58.1 

9.91 

157 

51.2 

6.72 

164 

46.0 

7.87 

Table  5.5.b  Individual  Damper  Stiffnesses,  0.25  Dmax  to  1.0  Dmax 
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Table  5.5.c  Individual  Damper  Stiffnesses,  0.25  Dmaxto  1.0  Dmax 
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Test  Strut 


E010DL  NE 
NW 
SE 

sw 


First  Story  Damper  Stiffnesses 


E200DL  NE 
NW 
SE 
SW 


Brace  in  Compression 


No.  of  Data  Max.  Shear  Max.  Strut 

Points  (-)  Strain  (%)  Force  (Kips) 


1.9 


1.5 


2.5 


1.7 


43.3 

8.91 

44.4 

9.02 

39.9 

5.91 

38.0 

6.46 

i  6.4 

59 

45.5 

5.19 

-1.8 

63 

41.6 

5.28 

6.2 

45 

48.1 

7.40 

■m 

49 

47.0 

7.96 
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Test  Strut 


E010DL  NE 
NW 
SE 
SW 


E025DL  NE 
NW 
SE 
SW 


E050DL  NE 
NW 
SE 
SW 


E075DL  NE 
NW 
SE 
SW 


E100DL  NE 
NW 
SE 
SW 


E125DL  NE 
NW 
SE 
SW 


E150DL  NE 
NW 
SE 


E200DL  NE 
NW 
SE 
SW 


Stiffness 

Kips/Inch 


2.6 


2.6 


-0.8 


-10.6 


-L6 


19.5 


16.3 


Second  Story  Damper  Stiffnesses 


Brace  in  Tension 


No.  of  Data  Max.  Shear  Max.  Stmt 
Points  (+)  Strain  (%)  Force  (Kips) 


13  2.5  0.38 


113  1.9  0.33 


50  1.5  0.35 


46  1.4  0.36 


Brace  in  Compression 

Stiffness 

Kips/Inch 

No.  of  Data 

Points  (-) 

Max.  Shear 

Strain  (%) 

Max.  Strut 

Force  (Kips) 

8 

5.5 

1.04 

21 

6.0 

1.02  | 

65 

4.1 

0.70 

34 

3.1 

0.94 

-0.2 

33 

9.9 

41 

0.1 

15 

14.7 

15 

42 

12.7 

1.79 

42 

11.1 

1.81 

10 

16.7 

2.90 

15 

15.7 

3.08 

5.8 

45 

24.8 

2.77 

2.2 

47 

22.5 

2.65 

3.8 

16 

30.2 

4.29 

9.8 

19 

28.7 

4.77 

47 

28.7 

3.80 

49 

25.7 

3.64 

17 

33.5 

5.70 

19 

33.0 

6.25 

13.6 

42 

65.3 

6.18 

1.7 

67 

48.3 

5.57 

2.4 

44 

53.1 

7.63 

6.6 

49 

55.9 

8.66 

Table  5.6.b  Individual  Damper  Stiffnesses,  0.50  Dmax  to  1.0  Dmax 
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Third  Story  Damper  Stiffnesses 


Test  Strut 


E010DL  NE 
NW 
SE 

sw 


E025DL  NE 
NW 
SE 
SW 


Brace  in  Compression 


E200DLI  NE 
NW 
SE 
SW 


No.  of  Data 

Max.  Shear 

Points  (-) 

Strain  (%) 

34 

1.0 

128 

1.0 

14 

1.4 

27 

1.3 

47 

14.0 

1.44 

49 

14.2 

1.57 

12 

20.6 

1.72 

14 

18.3 

2.08 

44 

14.9 

1.15 

43 

14.5 

2.20 

12 

22.2 

2.43 

12 

19.8 

2.85 

196 


Test  Series 

Equation1 

Correlation  Coefficient 

E010DL-E200DL 

1 

Linear 

y  =  1.86  +  81.24x 

0.98 

E010DL-E200DL 

1 

Quadratic 

y  =  -  0.22  +  121.66x  -  76.85x2 

0.99 

T021DL-T420DL 

1 

Linear 

y=  1.30  +  81.70x 

0.97 

T021DL-T420DL 

1 

Quadratic 

y  =  -  0.04  +  122.30x  -  109.09x2 

0.99 

E010DL-E200DL 

2 

Linear 

y  =  2.33  +  48.24x 

0.97 

E010DL-E200DL 

2 

Quadratic 

y=  0.12 +  77.3  lx -38.81x2 

0.99 

T021DL-T420DL 

2 

Linear 

y  =  1.16  +  47.70x 

0.95 

T021DL-T420DL 

2 

Quadratic 

y  =  -  0.10  +  79.92x  -  63.35x2 

0.97 

E010DL-E200DL 

3 

Linear 

y  =  0.49  +  49.75x 

0.99 

E010DL-E200DL 

3 

Quadratic 

y  =  0.08  +  63.99x  -  35.36x2 

0.99 

T021DL-T420DL 

3 

Linear 

y  =  0.44  +  45.22x 

0.98 

T021DL-T420DL 

3 

Quadratic 

y  =  -  0.07  +  58.22x  -  41.73x2 

0.98 

E010N-E200N 

1 

Linear 

y  =  -  0.34  +  27.83x 

1.00 

E010N-E200N 

1 

Quadratic 

■uAtimmiw 

1.00 

E010N-E200N 

2 

Linear2 

y  =  0.05  +  12.62x 

0.99 

E010N-E200N 

2 

Quadratic2 

mammsm 

0.99 

E010N-E200N 

3 

Linear3 

y  =  0.15  +  11.21x 

0.96 

E010N-E200N 

3 

Quadratic3 

— na 

0.96 

1  x  =  Interstory  Displacement  (inches),  y  =  Story  Shear  (kips) 

2  Curve  fit  performed  through  1.18"  interstory  displacement. 

3  Curve  fit  performed  through  0.88"  interstory  displacement 

Table  5 .7  Curve  Fits  for  Story  Shear  Vs.  Interstory  Displacement  “Backbone”  Relationships 
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Test  Series 

Story 

Curve  Type 

Equation1'4 

Correlation  Coefficient  | 

E0 1 0DL-E200DL 

1 

Linear 

y=  1.18  +  40.23x 

0.94 

E0 1 ODL-E200DL 

1 

Quadratic 

y  =  0.01  +  63.16x  -  43.02x2 

0.96 

T02 1 DL-T420DL 

y  =  0.92  +  47.17x 

0.97 

T02 1 DL-T420DL 

1 

y  =  -  0.24  +  82.39x  -  94.62x2 

1.00 

E0 1 ODL-E200DL 

2 

y=  1.34  +  19.36x 

0.90 

E0 1 0DL-E200DL 

2 

Quadratic 

y  =  0.20  +  34.25x  -  19.87x2 

0.93 

T02 1 DL-T420DL 

2 

Linear 

y  =  0.88  +  20.25x 

0.89 

T02 1 DL-T420DL 

2 

Quadratic 

y  =  -  0.07  +  44.34x  -  47.37x2 

0.95 

E0 1 ODL-E200DL 

3 

Linear 

y  =  0.60  +  28.06x 

0.93 

E0 1 0DL-E200DL 

3 

y  =  0.00  +  49.30x  -  52.73x2 

0.96 

T02 1 DL-T420DL 

3 

Linear 

y  =  0.51  +30.77x 

0.94 

T02 1 DL-T420DL 

3 

Quadratic 

y  =  -  0.17  +  54.96x  -  77.62x! 

0.97 

E010N-E200N 

1 

Linear 

E010N-E200N 

1 

Quadratic 

y  =  -  0.34  +  27.91x  -  0.12x2 

1.00 

E010N-E200N 

2 

Linear2 

y  =  0.05  +  12.62x 

0.99 

E010N-E200N 

2 

Quadratic2 

y  =  -  0.16  +  14.63x  -  1.94x2 

0.99 

E010N-E200N 

3 

Linear3 

y  =  0.15  +  11.21x 

0.96 

E010N-E200N 

3 

Quadratic3 

y  =  -  0.24  +  15.54x  -  6.05x2 

0.96 

1  x  =  Interstory  Displacement  (inches),  y  =  Story  Shear  (kips) 

2  Curve  fit  performed  through  1.18"  interstory  displacement. 

3  Curve  fit  performed  through  0.88”  interstory  displacement. 

4  Column  shear  for  E010DL-E200DL  and  T021DL-T420DL  derived  as  difference  between  story  shear  and  sum 
of  horizontal  component  of  all  damper  forces  in  story  level. 


Table  5.8  Curve  Fits  for  Column  Shear  Vs.  Interstory  Displacement  “Backbone”  Relationships 
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Average  Story  Stiffness  (Kips/Inch) 

First  20  Seconds'  Elapsed  Time  | 

3.5  Seconds  of  Maximum  Displacement  1 

Test 

Bsni 

mSSBM 

msssm 

BSEBI 

nsmi 

E010DL 

87.3 

26.6 

9.2 

104.5 

44.7 

23.5 

E025DL 

93.3 

41.7 

34.2 

99.3 

51.5 

44.9 

E050DL 

90.4 

51.9 

41.1 

93.5 

57.9 

48.2 

E075DL 

81.8 

48.1 

40.0 

81.3 

50.2 

43.8 

E100DL 

76.8 

46.4 

39.4 

76.3 

47.6 

41.7 

E125DL 

70.1 

41.1 

36.1 

69.8 

41.9 

38.1 

E150DL 

72.5 

44.9 

40.9 

72.3 

45.8 

42.9 

E200DL 

51.9 

30.7 

30.6 

53.1 

31.6  1 

31.5 

E250DL 

51.6 

30.8 

30.1 

52.3 

31.1 

30.5 

T021DL 

84.4 

18.4 

13.6 

98.4 

35.9 

26.3 

T052DL 

88.4 

40.8 

35.0 

91.5 

48.7 

46.1 

T105DL 

83.9 

45.9 

44.9 

85.1 

50.7 

47.9 

T157DL 

74.4 

44.2 

40.7 

75.4 

46.8 

42.6 

T210DL 

67.8 

40.9 

37.9 

68.6 

42.5 

39.0 

T262DL 

63.5 

38.1 

35.8 

64.8 

39.5 

36.6 

T315DL 

61.9 

38:8 

37.4 

63.8 

40.4 

38.7 

T420DL 

46.9 

29.0 

28.7 

49.1 

30.2 

29.9 

E025N 

23.6 

12.1 

10.8 

23.1 

11.6 

10.4 

E050N 

22.2 

11.2 

10.0 

22.5 

11.2 

9.9 

E075N 

22.8 

11.2 

10.1 

23.3 

11.4 

10.3 

E100N 

23.3 

11.3 

10.1 

24.2 

11.6 

10.4  "1 

E125N 

23.1 

10.8 

9.5 

24.3 

11.4 

9.9 

E150N 

22.3 

1  9.5 

8.1 

23.5 

10.0 

8.3 

E200N 

18.8 

4.5 

3.4 

18.6 

5.0 

3.5 

Table  5.10  Interstory  Stiffnesses  Based  on  Linear  Regressions  from  Time-Histories 


Table  5.11  Energy  Input  and  Dissipation  Quantities  for  Earthquake  Simulations 
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Equivalent  Beam  Widths  for  Floor  Slabs  1 

© 

© 

5 

W 

2 

o 

o 

CM 

O 

2 

o 

o 

d 

2 

OO 

ci 

o 

d 

2 

•d 

CM 

O 

d 

2 

•Cl 

CM 

O 

o’ 

2 

CM 

CM 

o 

d 

2 

CM 

CM 

O 

o’ 

2 

CM 

CM 

O 

d 

2! 

CM 

CM 

O 

d 

2 

SO 

O 

d 

2 

00 

00 

d 

Q 

2 

8 

CM 

o' 

2 

O 

O 

d 

2 

OO 

00 

o 

d 

2 

sn 

o 

d 

2 

8 

O 

d 

2 

Tf 

o 

© 

2 

•«* 

© 

o' 

2 

Tt- 

S 

d 

2 

| 

d 

2 

O 

o' 

2 

00 

00 

o' 

♦ 

C 

.2 

o 

o 

CO 

U 

2 

sn 

r- 

ci 

o' 

2 

•d 

CM 

d 

2 

O 

o 

CM 

d 

2 

O 

•Cl 

d 

2 

O 

•Cl 

d 

2 

Mj- 

o 

2 

tT 

o' 

2 

TT 

rr 

d 

2 

TT 

Tf 

0 

2 

■c 

sr 

o' 

I 

00 

00 

o' 

CO 

2 

O 

o 

cm 

© 

2 

S 

o’ 

2 

OO 

ci 

O 

o 

2 

•Cl 

CM 

o 

d 

2 

CM 

© 

d 

2 

CM 

© 

d 

2 

CM 

O 

d 

2 

CM 

CM 

O 

d 

2 

CM 

CM 

O 

d 

2 

sO 

O 

o’ 

2 

00 

00 

o’ 

B 

2 

O 

ici 

o' 

2 

•ci 

o 

d 

2 

Cl 

o 

d 

2 

OO 

© 

d 

2 

© 

d 

2 

Tf 

© 

o 

2 

Tf 

© 

o 

2 

0 

d 

2 

TT 

0 

d 

2 

CM 

O 

o' 

2 

00 

00 

d 

CN 

© 

© 

♦ 

| 

8 

CO 

00 

2 

O 

o 

CM 

o’ 

2 

§ 

d 

2 

OO 

ci 

o 

d 

2 

•d 

© 

d 

2 

•Cl 

S 

d 

2 

s© 

o 

d 

2 

s© 

© 

o' 

2! 

SO 

O 

d 

2 

SO 

O 

d 

2 

2 

0 

d 

2 

00 

00 

d 

a 

2 

O 

O 

CM 

o’ 

2 

O 

o 

d 

2 

OO 

00 

o 

o’ 

2 

O 

•Cl 

o 

o 

2 

O 

•Cl 

O 

d 

2 

OO 

Cl 

o 

d 

2 

00 

Cl 

0 

d 

2 

00 

Cl 

0 

o' 

2 

•ci 

CM 

O 

d 

2 

00 

00 

d 

u 

2 

id 

CM 

ci 

o’ 

2 

•d 

CM 

CM 

d 

2 

O 

•Cl 

d 

2 

§ 

d 

2 

O 

O 

d 

2! 

00 

0 

d 

2 

00 

0 

d 

2 

00 

O 

d 

2 

00 

0 

o’ 

2 

00 

00 

d 

CQ 

2 

O 

o 

CM 

o' 

2 

O 

o 

d 

2 

OO 

Cl 

o 

o' 

2 

•Cl 

CM 

o 

d 

2 

•Cl 

CM 

O 

d 

2 

s© 

© 

d 

2 

•© 

0 

d 

2 

so 

O 

d 

2 

so 

O 

d 

2 

rt 

0 

o' 

2 

00 

00 

0 

E 

2 

O 

<d 

o' 

2 

§ 

d 

2 

O 

o 

d 

2 

OO 

© 

d 

2 

s© 

© 

d 

2 

2 

0 

d 

2 

0 

o' 

2 

0 

d 

2 

CM 

O 

d 

2 

00 

00 

d 

© 

1 

• 

c 

.2 

o 

a> 

CO 

00 

2 

O 

O 

CM 

o' 

21 

•d 

CM 

d 

1 

2 

•Cl 

r^- 

o 

d 

2 

OO 

Cl 

o 

d 

2 

OO 

Cl 

o 

d 

2 

00 

Cl 

0 

d 

2 

00 

Cl 

O 

o' 

2! 

00 

Cl 

O 

o' 

2 

Cl 

0 

d 

2 

00 

00 

o' 

a 

2 

o 

o 

CM 

d 

2 

§ 

CM 

d 

2 

OO 

OO 

d 

2 

o 

•Cl 

d 

2 

O 

d 

2 

•Cl 

r*. 

o 

o 

2 

•Cl 

0 

d 

2! 

•Cl 

0 

0 

2 

•Cl 

r- 

0 

d 

2 

0 

0 

o' 

2 

00 

00 

d 

u 

2 

o 

o 

TT 

d 

2 

O 

o 

Tj- 

d 

2 

•Cl 

r~ 

m 

o 

2 

•Cl 

CM 

Cl 

d 

2 

8 

CM 

o’ 

2 

8 

CM 

d 

2 

8 

CM 

o’ 

2 

0 

0 

CM 

d 

2 

8 

CM 

o' 

2 

0 

0 

CM 

d 

2 

00 

00 

d 

CO 

2 

O 

»d 

CM 

d 

2 

8 

CM 

d 

2 

O 

o 

CM 

d 

2 

O 

so 

d 

2 

O 

•d 

o 

d 

1 

2 

O 

•Cl 

O 

o' 

2 

0 

•Cl 

O 

d 

2 

O 

•Cl 

O 

o* 

2 

0 

d 

2 

00 

00 

o' 

E 

| 

2 

o 

o 

CM 

d 

2 

•Cl 

c- 

o' 

2 

•Cl 

CM 

d 

2 

Cl 

o 

d 

2 

Cl 

O 

o' 

2 

Cl 

0 

d 

2 

ci 

0 

d 

2 

Os 

0 

d 

2 

00 

00 

0 

M 

M 

"5 

4 

J 

a 

o 

•ci 

O 

OJ 

J 

O 

o 

o 

s 

Q 

o 

•ci 

s 

a 

o 

o 

a 

© 

w 

i 

•Cl 

O 

tu 

Z 

0 

0 

E 

2 

•Cl 

CM 

5 

2 

§ 

W 

CM 

U 

i 

•Cl 

5 

Cl 

r- 

CM 

< 

s 

u 

u. 

c/a 

<D 

va 

co 

c 

< 

73 

CQ 

i 


T3 

0> 


c/a 

JC 


E 

CO 

<D 

CQ 

4-* 

S 

5 


cr 

U 

SO 

o 

jS 

H 


206 


a 

E 

CS 


© 

crt 

C 

O 

CU 

O 

t/j 

<D 

"5 

c 


C/3 

DQ 

£ 

m 

.£ 

T3 

O 


o> 

o 

tJ 

a> 

Cu 

o 


bO 

c 

*u 

a. 

CD 

*3 

£ 

.2 

c5 

-4-* 

o 

Pi 

-a 

§ 

fe 

cu 

E 

CS 

Q 


a> 

o 

o 

VJ 


so 

VO 

3 


207 


ETABS/ 

Measured 

SO 

p 

0.92  I 

079 

0.74 

1.22  1 

- 

1.00 

0.81  | 

0.77 

1.09  1 

2.34  | 

C/3 

a 

5 

X 

o 

c 

Measured 

09 

135 

372 

<N 

26 

42 

3 

135 

3 

Input  Energy, 

ETABS 

*n 

55 

107 

274 

CN 

26 

m 

LV 

147 

m  | 

ETABS/ 

Measured 

1.04 

o 

p 

0.99 

q 

0.95 

980 

0.82 

0.87 

© 

oo 

© 

860 

2.64 

Base  Shear/Weight,  % 

Measured 

23.8 

43.0 

VZ9 

80.2 

5.2 

9.8 

voz 

25.5 

30.6 

VZ9 

30.6 

ETABS 

24.7 

43.0 

00 

3 

9T8 

1 

8.4 

16.7 

YZZ 

24.5 

61.4 

|  80.6 

ETABS/ 

Measured 

0.95 

O 

O 

O 

p 

I0T 

1.07 

O 

O 

0.97 

1.02 

680 

0.82 

160 

Top  Floor  Drift,  %  I 

Measured 

0.28 

so 

© 

0.94 

1.64 

0.32 

890 

1.34 

1.69 

2.18 

0.94 

2.18 

ETABS 

0.27 

0.64 

0.94 

1.66 

0.34 

890 

on 

m 

ON 

r- 

r- 

© 

861 

Simulation 

E050DL  ! 

E100DL 

E150DL 

E200DL 

E025N 

E050N 

E100N 

E125N 

E150NR1 

FEMA  273-D 

z 

1 

m 

r-* 

(N 

< 

s 

U- 

208 


209 


210 


Table  6.9  Comparison  of  Dynamic  Properties  Used  in  ETABS  Analyses  with  Measured  Modal  Properties 
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Table  6.23  FEMA  273  Maximum  Column  Forces:  Exterior  Column,  Floor  1 
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Maximum  Unbalanced  Moments  (Inch-Kips):  Floor  2  I 

Exterior  Connections  | 

Calculated 

ETABS 

- Tl- - 

-60 

1 

00 

-i29 

-/5# 

rn 

SO 

rf  £ 

55  S 
<  & 

g  « 

Uh  ~ 

u-  J2 

O  3 

£ 

12  o 

>  CO 

^  *© 
X)  <D 

3  0> 

-B  2 

<U  G> 

o  g 
£  E 
a>  .§ 

<D  *0 

Capacities 

Eq  6. 1 5 

-67 

r*- 

SD 

i 

-67 

-67 

r^- 

\o 

1 

r- 

so 

t 

Interior  Connections  1 

Calculated 

ETABS 

103 

92 

162 

<N 

VO 

210 

so 

Connection  Capacities  1 

Punching  Shear  | 

Eq.  6.8 

m 

r- 

75 

75 

75 

75 

75 

Flexure 

Eq.  6.7' 

70 

70 

70 

o 

r- 

O 

t— 

o 

r- 

"O  0> 

1 
0>  g 

co  0 

3  15 
<1> 

fe  3 

FEMA 

273 

Procedure  | 

Oh 

O 

LSP-1 

LSP-2 

LSP-3 

Cu 

Q 

J 

LSP 

«c  cd 
T3 

o>  *o 
g  .2 

*0  cn 

o  0> 
E  S 
•2  § 

O 

Q 

9 

Q 

2: 

2 

<>  3 

D“ 

C fi 

m 

cn 

m 

rA 

rn 

c  y 

r- 

r-~ 

r- 

r- 

r- 

r- 

o  Sj 

>1 

(N 

<N 

<N 

<N 

CN 

CN 

•  •H  CSJ 

< 

< 

< 

< 

< 

< 

3  *o 
3  US 

c 

< 

s 

2 

2 

s 

2 

s 

O'  C8 

rrl 

W 

ta 

u: 

ttJ 

UJ 

W 

_ 

U- 

l u 

tu 

Uh 

Uh 

Uh 

— ■  <N 

<N 

j- 

O 

O 

E 


EW 

e 

.2 

'■§ 

o 

c 

c 

o 

U 

c 

E 

o 

o 

U 

i 

x> 

•52 

So 


c 

a> 

E 

o 


T3 

a 

a 

c 

•E 

C3 

•O 

c 

D 

E 

3 

E 

C« 


m 

r- 

(N 


< 

2 


u 

u- 

r*- 

<N 

SO 

JJ 

3 

C3 


H 


228 


229 


Column  Bases  1 

0.59  | 

96*0 

1.19  | 

1.16  ! 

ZVO 

690 

0.84 

1.01  1 

0.14  I 

0.25  [ 

0.45  | 

0.45  | 

DCR 

61*1 

1.93 

2.38 

2.33 

00 

© 

1.37 

1.69 

2.03 

0.28 

o 

VS 

© 

060 

060 

Moment,  Inch-Kips 

Demand 

Os 

154 

190 

L_— — 

186 

ON 

NO 

On 

00 

142 

o 

m 

^3* 

rr 

m 

*  i 
i  3 

£  g  « 

|  =  $ 

■  O  u 

U  °  « 

§  & 
CQ  < 

o 

00 

O 

00 

o 

00 

o 

00 

<N 

o 

r- 

O 

r- 

o 

r-~ 

o 

r-* 

o 

NO 

o 

NO 

© 

NO 

o 

NO 

Column  Tops  | 

Eq.  6.38 

1 

0.33 

0.49 

0.64 

0.59 

o 

0.55 

680 

1.17 

1.27 

1 

0.41 

0.70 

o 

© 

1.16 

DCR 

0.65 

0.98 

1.29 

1.19 

on 

1.77 

2.34 

2.54 

0.82 

1.40 

2.00 

2.32 

Moment,  Inch-Kips 

Demand 

<N 

oo 

r- 

103 

NO 

ON 

r- 

r- 

124 

164 

178 

ON 

Tj- 

oo 

120 

139 

Capacity 

Based  on  Flexure  at 

Applied  Axial  Load 

o 

00 

o 

00 

O 

OO 

o 

00 

o 

r- 

o 

o 

r- 

o 

r- 

o 

NO 

o 

NO 

o 

NO 

o 

NO 

^  m  -o 

W  g 

tu  E 

(X 

cu 

Q 

LSP-3 

LDP 

LSP 

LDP 

LSP-3 

LDP 

LSP 

1 

m 

oL 

73 

LDP 

CU 

73 

-3 

Analysis 

FEMA  273-D 

FEMA  273-D 

* 

CO 

r- 

CM 

< 

2 

W 

Cu 

FEMA  273-N 

FEMA  273-D 

FEMA  273-D 

ro 

r- 

CM 

< 

£ 

PJ 

u- 

i 

CO 

r-* 

CM 

< 

2 

PJ 

Cu 

1 

FEMA  273-D 

FEMA  273-D 

FEMA  273-N 

FEMA  273-N 

230 


Column  Bases  | 

00 

rn 

v© 

& 

OO 

>n 

© 

0.99  1 

r- 

CM 

CM 

Floor  2  | 

cn 

d 

00 

o 

O 

00 

o 

0.97  | 

CM 

© 

© 

m 

© 

© 

© 

© 

vo 

cn 

© 

aC 

o 

Q 

00 

ON 

in 

cn 

cm* 

cc 

CM 

CM 

vo 

d 

NO 

ON 

o 

© 

vq 

Tf 

ON 

© 

© 

VO 

© 

© 

© 

00 

© 

CM 

© 

C/3 

Q. 

3 

■ 

JS 

o 

jo 

c 

n> 

£ 

o 

S 

T3 

§ 

E 

o 

Q 

CM 

00 

to 

CM 

CM 

VO 

CM 

CM 

m 

m 

© 

00 

ON 

CM 

cc 

TT 

CM 

*  ■§ 
2  9 

.§  S  3 

|  E  4J 

®  O  "O 

O  -o  .2 

oj  ■= 
8  & 
CQ  < 

r> 

in 

ON 

CM 

ON 

in 

ON 

CC 

ON 

o 

in 

r- 

rt 

© 

in 

r- 

Sh. 

r> 

in 

m 

© 

»n 

in 

in 

00 

»n 

Column  Tops 

1 

00 

m 

d 

00 

in 

o 

On 

VO 

d 

<n 

VO 

o 

CM 

o 

m 

VO 

o 

00 

OO 

© 

© 

1 

CM 

© 

© 

© 

vo 

VO 

© 

CM 

00 

© 

U 

Q 

VO 

c- 

d 

VO 

*■— i 

ON 

cn 

to 

CM 

Tt 

00 

d 

vo 

CM 

VO 

CM 

© 

CM 

00 

© 

© 

00 

© 

cn 

cn 

rr 

vq 

C/3 

Ou 

5 

1 

-C 

o 

£ 

c 

<L> 

B 

o 

£ 

T3 

§ 

E 

U 

Q 

00 

cn 

t> 

m 

OO 

vo 

o 

vo 

NO 

00 

NO 

On 

in 

ON 

© 

CM 

cn 

rt 

ON 

VO 

CM 

On 

a  q 

.  3  — 5 

£  g  .5 

«  s  5 

9-  c  ^ 

«  O  *3 

o  T3  « 

i  a 

oq  < 

o 

m 

ON 

Tf 

ON 

^r 

0© 

tt 

<n 

«n 

Tt 

in 

NT> 

in 

c- 

^r 

•n 

>n 

CM 

in 

vo 

in 

.  2 

<  3 

*r-  cn  T3 

*£  q 

OJ  <N  ^ 

fc  2 

cu 

Oh 

Q 

i 

Oh 

73 

0h 

a 

hJ 

CU 

73 

h-3 

i 

Oh 

Q 

-J 

m 

■ 

Cb 

00 

J 

Oh 

Q 

J 

Cb 

73 

i 

Oh 

Q 

hJ 

m 

■ 

Cu 

Oh 

Q 

hJ 

Cu 

73 

Analysis 

Q 

■ 

CO 

r- 

CM 

< 

s 

w 

a, 

Q 

o 

t> 

CM 

< 

s 

w 

bb 

z 

m 

r- 

CM 

< 

2 

W 

z 

m 

C- 

CM 

< 

2 

td 

bb 

i 

a 

i 

rr> 

r- 

CM 

< 

s 

w 

bb 

Q 

t 

cn 

c* 

CM 

< 

s 

bJ 

bb 

=? 

co 

c- 

CM 

< 

S 

U3 

Ob 

* 

CO 

c- 

CM 

< 

£ 

Ul 

bb 

1 

q 

PO 

c- 

CM 

< 

s 

— 

Oh 

Q 

i 

ro 

c- 

CM 

< 

s 

w 

bu 

m 

c- 

CM 

< 

s 

a 

bu 

m 

c- 

CM 

< 

s 

ua 

bb 

231 


m 

r- 

(N 


< 


w 

tu 


cn 

© 

1 


H 


232 


Figure  2. 1  Prototype  Barracks  Building,  Fort  Lewis,  WA 
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39-S’ 


Figure  2.3  As-Built  Drawings  of  Prototype  Building,  Second  and  Third  Floor 

Plans 
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Metal  Gravel 


Figure  2.4  As-Built  Drawing  of  Prototype  Building,  Exterior  Wall  Sections 


236 


Figure  2.5  As-Built  Drawing  of  Prototype  Building,  Exterior  Column  Detail 


Figure  2.6  As-Built  Drawing  of  Prototype  Building, 
Interior  Column  Shearhead  Detail 


Figure  2.8  Post-Construction  View  of  Model,  North  Side 
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Figure  2.9  Bare  Model  Prior  to  Placement  on  Shaking  Table 


Figure  2.10  Model  After  Placement  on  Shaking  Table  (Safety  Frame  in  Place) 
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p€DGE-*p - COLUMN - -p - MIDDLE - -p - COLUMN  ■pCDGE—j 


NOTES  : 


n>  EACH  COLUMN  STRIP,  CENTERLINE  COLUMN;  16  D5  @50', 
STRAIGHT,  VITH  6  D5  CONCENTRATED  IN  MIDDLE  14'. 

v£>  MIDDLE  STRIP,  CENTERLINE  COLUMN'  6  D5  @  39',  STRAIGHT, 

EACH  EDGE  STRIP,  CENTERLINE  COLUMN'  3  1)5  0  39', 
STRAIGHT. 

(4)  EACH  COLUMN  STRIP,  OUTSIDE  COLUMNS;  84  D5,  BENT; 

I - 53-1/8' - 1 


MIDDLE  STRIP.  OUTSIDE  COLUMNS:  14  D3,  BENT; 


- - 39-1/2' - 

B 

EACH  EDGE  STRIP,  OUTSIDE  COLUMNS;  8  D3,  BENT, 
SAME  AS  MIDDLE  STRIP. 


Figure  2.15  Longitudinal  Reinforcement  in  Model  Slabs,  Top  Bars 
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fi 


l" 

6 

u 

L 


NOTES  * 

(I)  ALL  BARS  STRAIGHT. 

(!)  EACH  CDLUMN  STRIP;  10  D5  e  76-3/4',  12  D5  @  63-1/4' 

(3)  MIDDLE  STRIP:  10  D3  e  67',  8  D3  0  63-1/4' 

(4)  EACH  EDGE  STRIP'  6  D3  @  67',  4  D3  @  63-1/4' 


Figure  2.16  Longitudinal  Reinforcement  in  Model  Slabs,  Bottom  Bars 
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COL  C.L.  COL  C.L.  COL  C.L. 


NOTCS= 

0  C.25L  =  0.25(78)  =  19-1/2' 

©  0.25L  =  19-1/2' 

(D  L-C0.25L-4OK1/3X2')  =  0.75(78H4'+<2/3')  =  63.17' - >  63-1/4' 

©  L-0.15L -<1/3X20  =  0.85(78)+0.67'  =  66.97' - >  67' 

©  BOTTOM  BARS  ARE  ACTUALLY  PLACED  ON  SAME  LEVEL.  THEY  ARE  SEPARATED  HERE 
TO  ILLUSTRATE  DIFFERENT  BAR  LENGTHS. 


Figure  2. 17  Longitudinal  Reinforcement,  Middle  Strip 


COL  C.L.  COL  C.L.  COL  C.L. 

NOTES  = 

®  0.30L  =  0.30(78)  =  23.4'  ==>  23-1/2' 

©  0.32L  =  0.32(78)  «  24.96'  ==>  25' 

®  L-<0.25L-40+1/3*<20  =  78-0.25(78>+4+0.67  =  63.17'  ==>  63-1/4' 

©  L-(6'/3)+<2'/3)  =  78-(4'/3>  =  76.67'  ==>  76-3/4' 

Figure  2. 18  Longitudinal  Reinforcement,  Column  Strip 
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NOTES: 

(?)  ALL  BARS  ARE  STRAIGHT 

0  EACH  EDGE  STRIP;  8D3  P  51-1/4' 

@  EACH  MIDDLE  STRIP;  14  D3  e  40' 

(4)  COLUMN  STRIP.  24  D5  0  51-1/4',  WITH  IE  D5 
CONCENTRATED  IN  MIDDLE  14' 


Figure  2.19  Lateral  Reinforcement  in  Model  Slabs,  Top  Bars 


NOTES; 

0  ALL  BARS  ARE  STRAIGHT. 

@  EACH  EDGE  STRIP;  4  D3  0  37',  4  D3  P  23',  4  D3  P  62' 

0  EACH  MIDDLE  STRIP-  8  D3  P  27',  B  D3  P  23'.  8  D3  P  52' 

0  EACH  COLUMN  STRIP.  8  D5  P  37',  6  D5  P  23',  7  D5  P  62' 


Figure  2.20  Lateral  Reinforcement  in  Model  Slabs,  Bottom  Bars 
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- - 20' - ]©  ®|- - 20' - - 
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\71 

@  i 

1-12— 
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— 12'— I  \  y  l—i2'— 

52'  52' 

©  © 

h- 16'— 1  ©  <D 

—  _  a  r\* 

—  tu 

COL  C.L.  COL  C.L. 


NOTES- 

(I)  0.25L  =  0.25(80)  =  20' 

<D  40  -  (0.25L-4)  =  40  -  20  +  4'  =  24'  - >  23'  C  FOR  END  CLEARANCE  ) 

©  40  -  0.15L  =  40  -  0.15(80)  =  28' - >  27'  <  FOR  END  CLEARANCE  ) 

©  80  -  0.15L  -  (0.25L-4)  =  80  -  0.4(80)  +  4  =  80  +  32  +  4  =  52' 

<D  BOTTOM  BARS  ARE  ACTUALLY  PLACED  ON  SAME  LEVEL.  THEY  ARE  SEPARATED  HERE 
TO  ILLUSTRATE  DIFFERENT  BAR  LENGTHS. 

Figure  2.21  Lateral  Reinforcement,  Middle  Strip 


COL  C.L.  COL  C.L. 

NOTES* 

©  0.32L  =  0.32(80)  =  25.6' - >  25-5/8' 

©  40-(0.25L-4)  =  40-20+4  =  24'  — >  23'  (FOR  END  CLEARANCE) 

©  40-2  =  38' - >  37'  (FOR  END  CLEARANCE) 

©  80-(0.25L-4)-(6/3')  =  80-20+4-2  =  62' 

©  BOTTOM  BARS  ARE  ACTUALLY  PLACED  ON  SAME  LEVEL.  THEY  ARE  SEPARATED 
TO  ILLUSTRATE  DIFFERENT  BAR  LENGTHS. 

Figure  2.22  Lateral  Reinforcement,  Column  Strip 
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Figure  2.23  Exterior  Colunm  Details 
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Figure  2.24  Interior  (Centerline)  Column  Details 
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Figure  2.30  Typical  Exterior  Column  Collar  Details 


2  11/16* 


Figure  2.31  Typical  Interior  Column  Collar  Details 
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Figure  3.1  Elastic  Acceleration  and  Displacement  Response  Spectra,  100%  El  Centro, 

Compressed  Time  Scale 


Fourier  Amplitude  Acceleration^  Fourier  Amplitude  Acceleration, 


Fourier  Amplitude  Acceleration,  g  Fourier  Amplitude 


55 


30 


SD,  Inches  PSA 


Figure  3.9  Time  History  and  FFT  of  100%  Taft,  Compressed  Time  Scale 
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0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6 

Period,  Seconds 

Figure  3.12  Spectral  Velocities  (SV)  and  Spectrum  Intensities  (SI)  for  El  Centro  and  Taft  Records 
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SI,  Inches  SI,  Inches 


Acceleration  -  g  Acceleration 


0  123456789  10 

Elapsed  Time  -  Seconds 


Figure  4.2  Acceleration  Vs.  Elapsed  Time:  E050N  Vs.  E150N 
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Maximum  Floor 


Maximum  Accelerations 


Maximum  Accelerations/PGA 


Figure  4.4  Maximum  Floor  Acceleration  Vs.  Peak  Ground  Acceleration  (PGA) 
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Figure  4.6  Relative  Displacement  Vs.  Elapsed  Time:  E050N  Vs.  E150N 
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Figure  4.7  Maximum  Relative  Story  Displacement  Profiles  for  El  Centro  Simulations 
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Figure  4.8  Maximum  Relative  Displacement  Vs.  Peak  Ground  Acceleration  (PGA) 


267 


Interstory  Drift  Inlerstoiy  Drift  Interstoiy  Drift 


Story  _  st™y 


0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0 

Interstory  Drift  Ratio,  % 


-3E-  E025N  -A-  EOSON  E100N  -▼  E150N  •  E200N 


Figure  4.1 1  Maximum  Story  Drift  Profiles  for  El  Centro  Simulations 
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Figure  4.12  Maximum  Story  Drift  Vs.  Peak  Ground  Acceleration  (PGA) 
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Figure  4.13  Story  Shear  Vs.  Elapsed  Time:  E050DL  Vs.  E150DL 
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Figure  4.17  Story  Shear  Vs.  Interstoiy  Displacement :  E050DL,  E150DL 
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Figure  4.18  Story  Shear  Vs.  Interstory  Displacement:  E050N,  E150N 
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Figure  4,19  Maximum  Overturning  Moments:  E050DL,  E150DL,  E050N,  E150N 
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Figure  4.20  Maximum  Overturning  Moment  Vs.  PGA 
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Figure  4.21  Damper  Force  Vs.  Displacement:  E050DL,  NW  and  NE 
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Figure  4.22  Damper  Force  Vs.  Displacement:  E050DL,  SW  and  SE 
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Figure  4.23  Damper  Force  Vs. 
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Figure  4.25  Maximum  Sums  of  Horizontal  Components  of  Damper  Forces  and  Maximum  Column  Shears 

Vs.  Maximum  Story  Shears:  E050DL,  E150DL 
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Figure  4.26  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces  Vs.  PGA 
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Figure  4.27  Sums  of  Horizontal  Components  of  Damper  Forces/Maximum  Story  Shear  Vs.  PGA 
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Figure  4.28  Maximum  Column  Shear  Vs.  PGA 
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Figure  4.29  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  E050DL 
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Figure  4.30  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  E150DL 
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Figure  4.31  Relative  Floor  Velocities:  E050DL,  E150DL 
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Figure  4.32  Maximum 
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Figure  4.33  Acceleration-Based  Transfer  Functions  (TFs):  E050DL,  E150DL,  E050N,  E150N 
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Figure  4.34  Apparent  First  Mode  Properties  Based  on  Earthquake  Simulation  Transfer  Functions 
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Figure  4.35  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E050DL,  E150DL 
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Figure  4.37  Acceleration-Based  Transfer  Functions,  White  1 
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Tests:  E050DL,  E150DL,  E050N,  E150N 


Figure  4.38  Crack  Pattern,  South  Side  of  South  Columns,  Pre-Test 
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Figure  4.39  Crack  Pattern,  North  Side  of  North  Columns,  Pre-Test 
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Figure  4.41  Crack  Pattern,  East  Side  of  East  Columns,  Pre-Test 


Figure  4.42  Crack  Pattern,  First  Floor  Slab,  Bottom  Side,  Pre-Test 
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Figure  4.44  Crack  Pattern,  Second  Floor  Slab,  Bottom  Side,  Pre-Test 
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Figure  4.45  Crack  Pattern,  Second  Floor  Slab,  Top  Side,  Pre-Test 
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Figure  4.48  Crack  Pattern,  South  Side  of  South  Columns,  Post-T420DL 
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Figure  4.49  Crack  Pattern,  North  Side  of  North  Columns,  Post-T420DL 
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Figure  4.50  Crack  Pattern,  West  Side  of  West  Columns,  Post-T420DL 
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Figure  4.5 1  Crack  Pattern,  East  Side  of  East  Columns,  Post-T420DL 


Figure  4.52  Crack  Pattern,  First  Floor  Slab,  Bottom  Side,  Post-T420DL 
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Figure  4.55  Crack  Pattern,  Second  Floor  Slab,  Top  Side,  Post-T420DL 
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Figure  4.56  Crack  Pattern,  Third  Floor  Slab,  Bottom  Side,  Post-T420DL 
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Figure  4.59  Crack  Pattern,  North  Side  of  North  Columns,  Post-E200N 
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Figure  4.60  Crack  Pattern,  West  Side  of  West  Columns,  Post-E200N 
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Figure  4.61  Crack  Pattern,  East  Side  of  East  Columns,  Post-E200N 
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Figure  4.62  Crack  Pattern,  First  Floor  Slab,  Bottom  Side,  Post-E200N 
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Figure  4.63  Crack  Pattern,  First  Floor  Slab,  Top  Side,  Post-E200N 
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Figure  4.64  Crack  Pattern,  Second  Floor  Slab,  Bottom  Side,  Post-E200N 
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Figure  4.65  Crack  Pattern,  Second  Floor  Slab,  Top  Side,  Post-E200N 
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Figure  4.66  Crack  Pattern,  Third  Floor  Slab,  Bottom  Side,  Post-E200N 
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Figure  4.67  Crack  Pattern,  Third  Floor  Slab,  Top  Side,  Post-E200N 
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Figure  4.68  Top  of  Third  Floor  Slab  at  SW  Column,  Post-E200N 


Figure  4.69  Third  Floor  at  SW  Column,  Post-E200N 


Figure  4.70  Bottom  of  Third  Floor  Slab  at  SW  Column,  Post-E200N 


Figure  4.71  Third  Floor  at  NE  Column,  Post-E200N 
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Figure  4.75  Second  Floor,  NW  Column,  Post- 
E200N 
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Figure  4.77  Bottom  of  Second  Floor  Slab  and  Spandrel,  NE  Column, 
Post-E200N 


Figure  4.79  Bottom  of  Second  Floor  Slab  and  Spandrel,  SW  Column,  Post-E200N 
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Figure  4.80  First  Floor  at  NW  Column,  Post-E200N 


Figure  4.81  Base  of  Second  Story,  SW  Column,  Post-E200N 
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Figure  4.83  Bottom  of  Second  Floor  Slab,  East  Center  Column,  Post-E200N 


334 


Shear  -  Kips 


Damper  Force,  Kips  Damper  Force,  Kips  Damper  Force,  Kips  Damper  Force,  Ktps 


—  - 1 

“  1  E010DL-E200DL  i 

.  _ !  First  Floor  j 

Brace  in  Compression 

i  J  NE  Damper 

i  .  _ i _ 1 - 

L _ !  _j _  Curve  Fit  - Quadratic  Curve  Fit  j  - 

0.0  0.2  0.4  0.6  08  1.0 

Damper  Displacement,  Inches 


_ _ _ :  : _ ; - 1 - 1 

E010DL-E200DL 

First  Floor  |J 

. --4 . 

Braces  in  Tension  j 
NE  Damper  J 

u 

- . . 

1 

-  vZ _ 

'  i  | 

/<•  J  • 

I 

_ : - 1 - 1 - 

/•  *  '  _ : _ _ : _ 

- - - ’  -j -  Linear  Curve  Fit 

A— _ ;!  .  .  ... 

i  ■ 

— —  Quadratic  Curve  Fit  |-  • 

-  fen'.-a  i 

0.0  0.2  0.4  0.6  0.8  1.0 

Damper  Displacement,  Inches 


•j-  j _  Linear  Curve  Fit  - Quadratic  Curve  Fit  1  —  - 

.  -  4  — * - 

:  j  .  | 

1  _ L _ i _ : _ 1....  .  i 

- 1  ■  : 

j - r  -j  n  ’  ■  •  * 

J _ L . ...J - 1  ' - 

--4  — ;  — ■ 

i 

E01 0DL-E200DL  r 
First  Floor 

Brace  in  Compression  fl 
NW  Damper  \[ 


0.0  0.2  0.4  0.6  0.8  1.0 

Damper  Displacement,  Inches 


E010DL-E200DL  ■ 

First  Floor  [j 


Damper  Displacement,  Inches 


T021DL-T420DL 
First  Floor  [j 
j  Brace  in  Compression 
NE  Damper 


2  4 


-4- 


*:i— 1 


-  Quadratic  Curve  Fit  :  “ 


0.2  0.4  0.6  08 

Damper  Displacement,  Inches 


1.0 


vfe  -  ifesvi :  ka _ ■  zaKvaMS&e .  — w  .  “a*;!  *  j 

J-  _ _  Linear  Curve  Fit 

Quadratic  Curve  Fit  | - J - , - ! 

—  —  *•  —  4  —  —  —  - 

i —  -  -  -  4 - 

--! - ■ - T  ! 

.  i  _ i _ 

4 - 7-“*t - 

-  - - . - 1-  4  T021DL-T420DL  H 

j  ^  First  Floor  jj 

•  4  - 

!  Brace  in  Compression 

0.0  0.2  0.4  0.6  0.8  1.0 

Damper  Displacement,  Inches 


Figure  5.2  Damper  Force  Vs.  Displacement  "Backbone"  Curves,  First  Story,  North  Side 
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Figure  5.5  Damper  Force  Vs.  Displacement  "Backbone"  Curves,  Second  Story,  South  Side 
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Figure  5.6  Damper  Force  Vs.  Displacement  "Backbone"  Curves,  Third  Story,  North  Side 
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Figure  5.8  Story  Shear  Vs.  Interstory  Displacement  "Backbone"  Curves,  First  and  Second  Stories 
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Figure  5.9  Story  Shear  Vs.  Interstory  Displacement  "Backbone"  Curves,  Third  Story 
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Normalized  Mode  Shape 


Figure  5.11  Normalized  Mode  Shapes  from  White  Noise  Tests  3, 13,  and  28 
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Figure  5.12  Normalized  Mode  Shapes  from  White  Noise  Tests  2  and  29 
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Figure  5.13  Normalized  Mode  Shapes  from  White  Noise  Tests  31  and  34 
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Figure  5.14  Normalized  Mode  Shapes  from  White  Noise  Tests  35  and  1 
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Figure  5.15  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E050DL,  E150DL 
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Figure  5.16  Input,  Kinetic,  and  Elastic  Strain  Energies:  E075N,  E150N 
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Concrete  Tensile  Stress,  KSI  Concrete  Compressive  Stress,  KSI  Axial  Load,  Kips 


Concrete  Tensile  Stress,  KSI  Concrete  Compressive  Stress,  KSI  Axial  Load,  Kips 


Figure  6.2  Interior  (Centerline)  Column  Properties,  4  -  #3  Bars 
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Figure  6.7  Equivalent  Beam  Widths  Used  in  ETABS  Analyses 
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Figure  6.9  ETABS  Nonlinear  Simulation  of  E050DL:  Interstory  Displacements 
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Figure  6.10  ETABS  Nonlinear  Simulation  of  E050DL:  Story  Shear 
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Figure  6.1 1  ETABS  Nonlinear  Simulation  of  E050DL:  Story  Shear  Vs.  Interstory  Displacement 
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Figure  6.12  ETABS  Nonlinear  Simulation  of  E100DL:  Interstoiy  Displacements 
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Figure  6.13  ETABS  Nonlinear  Simulation  of  E100DL:  Story  Shear 
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Figure  6.17  ETABS  Nonlinear  Simulation  of  E150DL:  Story  Shear  Vs.  Interstory  Displacement 
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Figure  6.18  ETABS  Nonlinear  Simulation  of  E200DL:  Interstory  Displacements 


369 


-40 

-60 


i  |  ,  1  ;  i  ;  | 

-  ETABS  -  Test  Data  !-j 

:  ,  1  '  I  — -i - 

'  1  :  j  ! 

3  4  5  6  7  8  9 

Elapsed  Time-Seconds 


Figure  6.19  ETABS  Nonlinear  Simulation  of  E200DL:  Story  Shear 
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Figure  6.20  ETABS  Nonlinear  Simulation  of  E200DL:  Stoiy  Shear  Vs.  Interstoiy  Displacement 
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Figure  6.21  ETABS  Simulation  of  E025N:  Interstory  Displacements 
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Figure  6.23  ETABS  Simulation  of  E050N:  Interstory  Displacements 
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Figure  6.25  ETABS  Simulation  of  E100N:  Interstory  Displacements 
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Figure  6.26  ETABS  Simulation  of  E100N,  Story  Shear 
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Figure  6.27  ETABS  Simulation  of  El 25N: 
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Figure  6.29  ETABS  Simulation  of  E150N:  Interstory  Displacements,  Run  1 
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Figure  6.33  Comparison  of  Measured  and  Computed  Response  Maxima 


Figure  6.34  Comparison  of  Measured  and  Predicted  Stiffnesses  with  VEDs 
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Figure  6.35  Comparison  of  Measured  and  Predicted  Stiffnesses  without  VEDs 
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APPENDIX  A 

DESCRIPTION  OF  MODEL  FABRICATION 


This  appendix  provides  a  more  detailed  description  of  the  construction  of  the  test  structure  than  is 
presented  in  Chapter  2.  Detailed  descriptions  of  the  dimensions  of  the  model  structure  are  provided.  The 
steel  reinforcement  for  the  model  was  based  on  high  strength  steel  wire.  The  wire  required  annealing  to 
adjust  its  yield  strength  characteristics  to  emulate  those  of  the  prototype  reinforcement;  the  annealing 
process  is  described  in  section  A.2.  In  section  A.3,  the  construction  of  the  model  is  described  in  detail. 

The  construction  of  the  three  main  structural  system  components,  the  base  girder,  the  primary  model 
structure,  and  the  VED  bracing,  is  outlined.  In  addition,  the  installation  of  lead  weights  on  each  floor  of  the 
structure,  which  were  required  for  modeling  prototype  gravity  loads,  is  described.  Finally,  in  section  A.4, 
the  provision  of  a  separate  steel  “safety  frame”  is  described.  This  frame  was  added  to  prevent  a  total 
collapse  of  the  model,  if  a  severe  structural  failure  had  occurred  during  testing. 

A.l  Dimensions 


The  design  of  the  test  structure  is  described  in  Chapter  2  of  this  report.  Figures  2.7  -  2.10  provide 
overall  views  of  the  structure.  The  structure’s  nominal  dimensions  are  shown  in  Figures  2.11  -  2.14.  All 
gross  dimensions  in  the  structure  were  scaled  to  be  approximately  Vz  of  the  prototype  dimensions. 

A.2.  Preparation  of  Steel  Reinforcement 

Ivy  Steel  and  Wire  Company,  Inc.,  of  Houston,  TX,  provided  the  deformed  steel  wire  for  the 
project.  It  is  typically  used  in  fabricating  welded  wire  fabric.  Figure  A.l  illustrates  the  deformation 
pattern  for  this  wire.  The  supplier’s  literature  indicates  that  the  wire  deformation  patterns  comply  with  the 
minimum  requirements  of  ANSI/ASTM  A  496,  Deformed  Steel  Wire  for  Concrete  Reinforcement.  The 
wire  is  cold-drawn  from  hot-rolled  low  carbon  steel  rod.  It  exhibited  significantly  higher  yield  strengths 
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than  the  nominal  40  ksi  of  the  prototype  structure  reinforcement.  Prior  to  its  placement  in  the  model,  the 
wire  used  in  the  slab,  column,  and  spandrel  reinforcement  was  annealed  to  lower  its  tensile  yield  stress 
characteristics  to  resemble  more  nearly  that  of  the  steel  reinforcement  in  the  prototype.  Before  annealing, 
three  specimens  of  each  wire  diameter  were  tension  tested  in  accordance  with  the  provisions  of 
ANSI/ASTM  A  496.  Using  nominal  wire  cross-section  areas,  a  gage  length  of  4",  and  an  elongation  rate 
of  0.16"  per  minute,  the  tests  showed  average  tensile  yield  strengths  (stress  at  0.5%  tensile  strain)  of  99.9 
ksi  for  D3,  98.1  ksi  for  D5,  95.1  ksi  for  D7,  83.5  ksi  for  D8,  81.7  ksi  for  D9,  and  89.2  ksi  for  D12. 

Several  references  [117, 118, 121,  126]  present  the  results  of  different  annealing  processes  for 
various  grades  of  steel.  Using  those  reported  results,  two-foot  lengths  of  each  wire  diameter  were  annealed 
to  several  combinations  of  sustained  elevated  temperature  and  time  in  a  small  annealing  oven  in  the 
Department  of  Theoretical  and  Applied  Mechanics  (TAM)  at  the  University  of  Illinois  at  Urbana- 
Champaign  (UIUC).  ASTM  A  496  tensile  tests  of  these  samples  showed  that  an  approximate  average 
tensile  strength  of  40  ksi  for  all  wire  diameters  could  be  obtained  by  a  heating  the  wire  to  a  sustained 
1,200°  F  for  one  hour,  followed  by  air-cooling.  Average  post-annealing  yield  stresses  were  42.4  ksi  for  D3, 
40.5  ksi  for  D5,  45.3  ksi  for  D7,  36.9  ksi  for  D8,  40.0  ksi  for  D9,  and  39.6  ksi  for  D12. 

Because  no  oven  large  enough  to  handle  the  wire  lengths  of  7'6"  was  available  locally,  all  wire  for 
the  tests  was  shipped  to  a  commercial  annealing  company  in  Chicago.  The  commercial  process 
necessitated  using  a  single  annealing  specification:  while  slightly  more  consistent  average  strengths  could 
have  been  obtained  by  using  different  combinations  of  temperature  and  time,  the  difficulty  of  ensuring  that 
the  different  specifications  for  different  wire  diameters  were  met  outweighed  the  likelihood  of  greatly 
improved  yield  strength  accuracy.  All  deformed  wire  used  for  primary  slab,  column,  and  spandrel 
reinforcement  was  annealed. 

Samples  of  the  commercially  annealed  wire  were  tested  in  accordance  with  ANSI/ASTM  A  496. 
The  annealing  process  results  in  a  tensile  behavior  that  is  essentially  bilinear  up  to  an  ultimate  tensile  strain 
of  at  least  2.0%.  The  initial  slope  of  the  curve  follows  a  conventional  elastic  modulus  of 29,000  ksi,  while 
the  post-yield  modulus  is  almost  zero.  Comparisons  of  pre  and  post-annealing  behavior  of  D5  wire 
samples  may  be  seen  in  Figures  A.2  and  A.3.  The  results  for  all  wire  diameters  are  summarized  in  Table 
A.  1 .  All  wire  diameters  except  the  D3  wire  had  post-annealing  yield  strengths  very  close  to  the  desired  40 
ksi.  Because  the  D3  wire  would  be  used  in  slab  “middle  strip”  regions,  which  are  significantly  less  likely  to 
reach  yield  strain  than  in  “column  strip”  regions,  it  was  decided  to  use  the  D3  bars  in  their  as-annealed 
condition,  with  a  yield  strength  of  59  ksi. 
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The  stirrups  in  the  columns  and  spandrel  beams  were  formed  from  W1.7  smooth  steel  wire. 

Tensile  tests  of  samples  of  this  wire  indicated  that  its  tensile  yield  strength  was  approximately  100  ksi. 
Although  its  strength  exceeded  the  nominal  40  ksi  of  the  prototype  reinforcement,  this  wire  was  not 
annealed.  Stirrup  spacing  was  deemed  to  be  a  more  critical  quantity  in  the  earthquake  simulations  than 
stirrup  strength,  because  the  prototype  stirrup  spacing  significantly  exceeds  current  code  requirements  and 
raises  questions  about  the  adequacy  of  the  confinement  of  the  primary  column  and  spandrel  reinforcement. 

Following  the  annealing  procedure,  all  reinforcement  for  the  slabs,  columns,  and  spandrels  was  cut 
to  length  Locally-fabricated  jigs  were  used  to  bend  the  wire  that  required  bending. 

A.3  Fabrication 


(a)  Base  Girder 

Fabrication  was  begun  by  constructing  a  reinforced  concrete  base  girder  for  the  model.  The  base 
girder  was  constructed  on  the  floor  of  the  test  facility,  directly  adjacent  to  the  shaking  table.  Because  of  the 
length  of  time  involved  in  constructing  the  model,  it  was  necessary  to  perform  all  construction  off  of  the 
shaking  table,  to  permit  other  testing  to  continue.  Figures  A.4  -  A.6  present  key  base  girder  dimensions, 
while  Figure  A.  7  shows  casting  of  the  base  girder. 

There  were  three  primary  requirements  for  the  base  girder.  First,  it  had  to  be  rigid  during  seismic 
simulations  and  attached  rigidly  to  the  shaking  table  platform.  During  the  simulations,  the  girder  was 
expected  to  function  essentially  as  an  extension  of  the  shaking  table,  with  its  motions  matching  those  of  the 
table.  Second,  because  the  Vz  scale  chosen  for  the  model  resulted  in  dimensions  that  slightly  exceeded  the 
length  of  the  shaking  table  platform  (12  feet),  the  ends  of  the  base  girder  extended  beyond  the  edge  of  the 
shaking  table  platform.  Figure  A.4  shows  how  the  girder  extended  off  the  platform.  The  girder 
“overhangs”  could  not  undergo  any  measurable  vertical  deflection  under  full  anticipated  loading, 
necessitating  high  stiffness  in  the  overhanging  regions.  Third,  since  the  entire  model  structure  would  be 
lifted  onto  the  shaking  table  using  the  facility’s  overhead  crane  (20  ton  capacity)  following  construction,  the 
base  girder  had  to  carry  the  weight  of  the  bare  model  and  itself  during  lifting,  without  damaging  deflection. 

The  stiffness  of  the  girder  that  rested  on  the  table  surface  was  believed  to  be  less  critical  than  the 
stiffness  of  the  overhangs  or  the  stiffness  of  the  entire  structure  during  lifting,  so  no  specific  stiffness 
calculations  were  undertaken  for  the  condition  wherein  the  model  was  on  the  table.  Rigid  attachment  of  the 
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girder  to  the  table  was  deemed  to  be  the  most  critical  aspect  of  this  part  of  the  design.  Friction  forces 
between  the  bottom  surface  of  the  base  girder  and  the  table  surface  were  used  to  ensure  that  the  model 
would  not  move  during  earthquake  simulations.  With  an  assumed  test  weight  of  80  kips  and  coefficient  of 
friction  of  0.2,  approximately  16  kips  of  weight-induced  friction  force  will  develop  at  the  girder-table 
interface.  Since  developing  a  base  shear  of  50  kips  appeared  to  be  a  realistic  expectation  for  the 
earthquake  simulations,  an  added  34  kips  of  friction  force  was  required,  which  necessitated  an  additional 
170  kips  of  vertical  force.  The  added  vertical  force  was  provided  by  tie  down  bolts  that  clamped  the  girder 
to  the  shaking  table.  With  an  planned  10  tie  down  bolts,  the  required  vertical  force  per  bolt  was  17  kips. 
The  l-%  inche  diameter  high  strength  steel  tie  down  bolts  have  a  manufacturer’s  recommended  working 
load  of  58  kips,  so  the  required  force  per  bolt  was  well  below  the  working  load.  Because  the  base  girder 
thickness  (24  inches)  and  reinforcement  quantities  precluded  drilling  for  tie  down  bolt  holes  after 
construction,  the  bolt  holes  had  to  be  located  precisely.  Hole  templates  were  used  in  both  the  bottom  and 
the  top  of  the  base  girder  forms  to  hold  capped  l-'A  inch  diameter  capped  PVC  pipe  sections  in  place 


during  casting.  The  center-to-center  spacing  for  tie  down  bolts  on  the 


shaking  table  platform  is  12-  "  in 


both  its  length  and  width  dimensions.  Because  of  a  concern  about  possible  shrinkage-induced  dimension 
changes  in  the  base  girder,  pipe  sections  were  placed  at  every  potential  tie  down  point  in  the  footprint  of  the 
base  girder  as  it  would  rest  on  the  table  surface.  This  resulted  in  a  total  of  36  possible  tie  down  points  for 
the  girder,  well  in  excess  of  the  required  10  points.  See  Figure  A.4.  In  practice,  shrinkage  proved  not  to  be 
a  problem,  and  all  holes  lined  up  well  with  the  table  holes. 

Because  a  uniform  cross-section  was  used,  to  simplify  forming  and  casting,  the  critical  deflection 
condition  was  associated  with  lifting  the  entire  structure  onto  the  shaking  table.  The  model  was  lifted  by 
means  of  a  steel  lifting  frame  (see  Figure  2.9)  that  had  one  lifting  point  at  each  of  the  four  end  sections  of 
the  base  girder.  The  critical  deflection  was  that  of  the  girder  mid-span,  directly  under  the  interior 
(centerline)  columns,  during  the  lifting  operation.  To  avoid  damaging  the  model  slabs,  a  maximum 
downward  mid-span  deflection  of  0 . 1 "  was  targeted  in  the  design,  conservatively  assuming  that  the  girder 
cross-section  alone  provided  flexural  stiffness.  A  final  design  cross-section  of  14"  wide  by  24"  high,  which 
was  required  to  ensure  that  girder  cracking  moment  was  not  reached  during  the  lifting  resulted  in  an 
anticipated  mid-span  deflection  of  less  than  0.04".  The  entire  structure  was  monitored  visually  during  the 
lifting  operation,  and  no  cracking  of  the  model  slabs  or  columns  was  observed.  Stiffness  requirements 
governed  the  girder  design.  Minimum  tensile  flexural  reinforcement  was  required  in  accordance  with  ACI 
318-89;  six  #5  deformed  60  ksi  bars  were  used  to  reinforce  the  positive  moment  section  at  mid-span  and 
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the  negative  moment  sections  in  the  overhang  regions,  with  two  #5  bars  used  on  the  respective  opposite 
face  of  the  cross-section.  While  preliminary  calculations  indicated  that  no  shear  reinforcement  was 
required  in  the  legs  of  the  base  girder,  #3  deformed  60  ksi  bar  stirrups  were  placed  at  12"  c-c  spacings  in 
all  sections  of  the  base  girder,  except  in  the  overhang  regions  between  the  exterior  columns  and  the  lifting 
points,  where  the  spacing  was  reduced  to  4"  c-c.  Figure  A.4  shows  the  base  girder  in  plan,  while  Figures 
A.5  and  A.6  show  cross-sections  of  the  base  girder. 

Reinforcement  for  the  first  story  column  bases  was  stubbed  up  from  the  base  girder.  This 
reinforcement  may  be  seen  in  Figure  A.7;  its  design  is  discussed  in  Chapter  2.  Each  interior  column  stub 
consisted  of  four  #3  deformed  60  ksi  bars,  while  each  exterior  column  stub  consisted  of  six  #3  deformed  60 
ksi  bars. 

The  base  girder  was  cast  on  May  19,  1993  (Figure  A.7).  At  casting  time,  which  began  at  09:00 
AM,  the  air  temperature  was  55°  F,  with  cloudy,  humid  conditions.  As  with  the  rest  of  the  structure,  the 
concrete  used  in  the  casting  was  purchased  from  a  local  ready-mix  plant.  The  concrete  mix  specification 
for  the  base  girder  served  as  a  trial  run  for  the  main  structure.  The  target  28  day  compressive  strength  for 
the  mix  was  3,600  psi;  Chapter  2  discusses  the  rationale  for  this  strength.  Coarse  aggregate  for  the  mix 
was  a  rounded,  plant-described  “pea  gravel,”  with  maximum  aggregate  size  of  3/a".  This  was  the  smallest 
available  coarse  aggregate  and  was  specified  to  minimize  size  scaling  effects  on  the  concrete  material 
properties.  A  superplasticizer  admixture,  “ Daracem  100”  which  is  manufactured  by  Grace  Concrete 
Products,  was  used  to  extend  slump  life  and  workability.  The  supplier  recommended  a  range  of  5-20 
ounces  of  the  admixture  per  100  lb  of  cement;  a  quantity  of  8.5  ounces  per  100  lb  of  cement  was  added  to 
the  mix,  for  a  target  of  6"  slump  for  an  extended  time.  Initial  slump  at  delivery  was  only  3"  and  water  was 
added,  increasing  the  slump  to  almost  6".  Twelve  6"  diameter  x  12"  high  cylinders  were  cast  for  use  in 
compression  strength  testing.  Subsequent  compression  strength  tests  showed  a  three  cylinder  average  of 
3,490  psi  at  seven  days  after  casting,  4,480  psi  at  fourteen  days  after  casting,  and  4,990  psi  at  28  days 
after  casting.  Immediately  after  completion  of  concrete  finishing,  the  exposed  top  surface  of  the  concrete 
was  covered  with  wet  burlap  and  plastic  sheeting.  The  burlap  was  moistened  again  on  May  20.  The  forms 
were  stripped  on  May  21. 

(b)  Primary  Structure 

Above  the  base  girder,  the  structure  was  comprised  of  cast-in-place  columns,  flat  slabs,  and 


390 


spandrel  beams.  Each  of  the  three  story  levels  was  formed  and  cast  as  a  monolithic  unit  of  flat  slab, 
spandrels,  and  supporting  columns. 

A  single  set  of  wooden  forms  was  designed  and  fabricated  so  that  it  could  be  broken  down, 
removed,  and  re-erected  repeatedly.  The  plywood  formwork  had  a  compressed,  oiled  paper  surface  that 
facilitated  removal  without  its  bonding  to  the  concrete.  In  addition,  form  oil  was  used  to  reduce  further  the 
likelihood  that  the  formwork  would  bond  to  the  concrete. 

For  each  floor  level,  starting  with  the  first  story  columns,  slab,  and  spandrels,  a  floor  was  formed; 
formwork  was  oiled;  reinforcement  was  placed  (Figures  A.8  -  A.  11);  and  concrete  was  cast  and  finished. 
Commercially  available  plastic  reinforcement  chairs  were  shortened  and  used  to  support  both  the  top  and 
bottom  reinforcement  layers.  The  chairs  may  be  seen  in  Figures  A. 9  and  A.  1 1.  Longitudinal  (north-south) 
reinforcement  was  placed  closest  to  the  slab  surfaces  in  both  the  top  and  bottom  reinforcement  layers. 

In  addition,  capped  brass  tube  lengths  were  placed  at  the  intended  locations  for  the  bolts  that  would 
be  used  to  secure  lead  weights  in  place  on  the  test  structure.  As  discussed  in  Chapter  2,  lA"  diameter  steel 
all-thread  bolts  were  extended  through  the  columns,  to  secure  the  damper  collars  that  would  be  attached 
externally  on  the  columns.  Concrete  placement  from  a  ready-mix  truck  was  facilitated  by  the  use  of  a 
small  concrete  bucket  that  was  lifted  using  the  overhead  crane  in  the  high  bay.  Figures  A.  12  and  A.  13, 
which  show  casting  of  the  third  floor  slab,  illustrate  both  the  basic  process  used  in  casting  and  the 
configuration  of  the  formwork  that  was  used  to  support  each  of  the  three  floors.  Primary  concrete  finishing 
was  accomplished  with  an  aluminum  screed  beam  that  was  slightly  longer  than  the  slab  span.  Final 
finishing  for  the  slab  was  accomplished  by  brushing  with  a  coarse  broom.  Following  completion  of 
finishing,  wet  burlap  was  placed  on  the  exposed  slab  surface  and  topped  with  plastic  sheeting.  The  burlap 
was  moistened  daily  such  that  it  stayed  damp  for  seven  days  following  casting. 

Formwork  for  each  floor  was  removed  seven  days  after  casting.  A  light  shoring  system  was 
installed  under  each  floor  before  work  proceeded  on  the  floor  above.  For  the  first  floor  slab,  4"  x  4"  shores 
were  placed  roughly  under  the  two  primary  north-south  column  lines,  topped  by  2"  x  4"  lumber  that  was  in 
contact  with  the  bottom  side  of  the  slab.  The  shores  extended  to  the  base  girder.  A  tight  fit  was  ensured  by 
the  use  of  small  screw  jacks  under  each  shore.  For  the  upper  two  floors,  a  similar  shoring  system  was 
used,  with  the  shores  placed  directly  over  the  shores  for  the  respective  next  lower  floor.  Once  the  shoring 
was  in  place,  the  formwork  would  be  re-erected  for  the  next  floor  up,  and  the  process  was  repeated. 

In  the  construction  of  the  formwork  at  the  first  story  level,  difficulty  in  aligning  the  column  forms 
with  the  base  girder  necessitated  slightly  increasing  the  column  dimensions  from  those  which  were 
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originally  designed  for  the  Vz  scale  model.  Thus,  the  interior  columns,  which  had  been  designed  as  a  4-Va" 
x  4-Va"  cross-section,  became  5"  x  5"  in  section;  the  exterior  columns,  which  had  been  designed  as  a  4"  x  8" 
cross-section,  became  a  4-!4"  x  8-!4"  section.  Spandrel  width  likewise  was  enlarged  from  4"  to  4-!4",  to 
match  the  exterior  column  dimension  and  simplify  formwork. 

Concrete  was  again  obtained  from  a  local  ready-mix  company.  The  basic  mix  was  specified  in  the 
same  manner  as  it  had  been  for  the  base  girder:  a  3,600  psi  “pea  gravel”  mix,  with  superplasticizer  added 
to  extend  workability.  The  first  story  elements  were  cast  beginning  at  approximately  09:00  AM  on  July  2, 
1993.  The  ambient  temperature  was  75°  F,  with  overcast,  humid  conditions.  As  had  been  the  case  with  the 
base  girder  concrete,  the  concrete  was  initially  very  stiff,  with  a  slump  of  less  than  3",  and  water  was 
added.  Second  story  elements  were  cast  beginning  at  approximately  01:30  PM  on  July  20,  1993.  The 
ambient  temperature  was  85°  F,  with  sunny,  humid  conditions.  The  initial  slump  was  again  very  low,  1- 
Va",  and  water  was  again  added.  Third  story  elements  were  cast  beginning  at  approximately  07:15  AM  on 
September  8,  1993.  The  ambient  temperature  was  60°  F,  with  overcast,  humid  conditions.  The  initial 
slump  was  6". 

For  each  story  placement,  6"  x  12"  cylinders  were  cast  for  both  compression  and  split  cylinder 
testing,  and  6"  x  6"  x  30"  rectangular  prisms  were  cast  for  modulus  of  rupture  testing.  Compression 
cylinders  were  tested  in  accordance  with  the  provisions  of  ASTM  C  39,  Standard  Test  Method  for 
Compressive  Strength  of  Cylindrical  Concrete  Specimens.  Split  cylinder  tensile  tests  were  accomplished  in 
accordance  with  the  provisions  of  ASTM  C  496,  Standard  Test  Method  for  Splitting  Tensile  Strength  of 
Cylindrical  Concrete  Specimens.  Modulus  of  rupture  tests  were  performed  in  accordance  with  ASTM  C 
78.  Standard  Test  Method  for  Flexural  Strength  of  Concrete  fUsing  Simple  Beam  with  third  Point 
Loading).  Concrete  properties  on  the  first  day  of  earthquake  simulation  testing  are  presented  in  Tables  A.2 
-  A.4.  The  reported  compression  strengths  indicate  that,  in  all  castings,  the  in-place  strengths  greatly 
exceeded  the  specified  strength.  It  is  likely  that,  despite  repeated  discussions  concerning  the  need  for 
complying  with  the  specified  strengths,  the  supplier  adopted  a  conservative  approach  to  the  strength 
provided,  which  is  consistent  with  general  practice.  This  experience  illustrates  a  problem  that  is  apparently 
common  to  research  projects  that  rely  on  commercial  sources  for  concrete;  other  researchers  have  related 
similar  experiences  to  the  author. 

Following  completion  of  all  casting  and  removal  of  all  formwork,  all  floors  were  shored  as 
described  above.  The  entire  structure,  including  the  base  girder,  was  painted  with  a  thinned  white  latex 
paint,  to  facilitate  observing  crack  formation  and  propagation  during  the  earthquake  simulations. 


392 


(c)  Damper  Bracing  System 


The  primary  focus  of  the  research  was  to  study  how  the  addition  of  viscoelastic  dampers  (VEDs) 
modified  the  response  of  the  lightly  reinforced  concrete  (LRC)  slab-column  model  to  simulated  seismic 
motions.  A  conservative,  simplified  approach  to  the  design  of  the  VED  bracing  system  was  adopted.  No 
effort  was  made  to  explore  extensively  a  large  number  of  options  on  the  bracing  system  configuration. 

Since  the  model  was  two  bays  deep  in  the  direction  of  shaking  motions,  structural  symmetry 
favored  adding  bracing  in  both  bays.  Load  paths  and  deformation  patterns  were  thus  uniform  at  all  times 
before  localized  failures  occurred.  Similarly,  since  the  model  was  two  column  lines  wide,  bracing  was  used 
in  both  column  lines,  minimizing  torsion.  In  bracing  both  bays,  a  chevron  pattern  was  adopted,  in  which, 
on  any  floor  level  and  column  line,  opposing  braces  would  essentially  be  subjected  to  equal  but  opposite 
loadings  at  any  given  instant.  This  configuration  ensured  that  any  differences  in  structural  response 
between  brace  compression  and  brace  tension  would  be  averaged  out  by  the  opposing  members.  This 
overall  configuration  may  be  seen  clearly  in  Figures  2.9  and  2. 14. 

The  brace  elements  were  fabricated  as  double-angle  sections,  with  the  angles  placed  back  to  back 
(Figure  A.  14).  The  angle  material  was  A36  steel.  The  braces  were  fabricated  such  that  the  VED  could  be 
inserted  in  the  brace  line  and  bolted  in  place  using  four  %"  diameter  bolts  at  each  end  of  the  VED.  The 
point  of  insertion  was  chosen  to  be  at  the  approximate  V3  point  in  the  brace  length.  This  location  was 
chosen  for  two  main  reasons.  First,  it  would  permit  smaller  out  of  plane  lateral  VED  displacements  than 
those  which  would  occur  if  the  VED  were  place  at  brace  mid-length,  if  any  were  to  occur.  Second,  in-test 
visibility  of  the  VED  would  be  somewhat  better  there  than  at  a  mid-length  location;  a  separate  steel  safety 
frame  (see  discussion  below)  blocked  the  view  of  the  VED,  less  at  the  V3  point  than  at  mid-length. 

The  brace  cross-section  (Figure  A.  14)  was  selected  to  provide  an  axial  stiffness  that  was 
significantly  larger  than  the  shear  stiffness  of  the  VED.  As  reported  in  Reference  84,  the  bracing  and  the 
VED  must  be  viewed  as  a  system  of  structural  elements  in  series  when  designing  the  VED.  If  the  bracing 
is  assumed  to  be  “rigid”  with  respect  to  the  VED,  then  the  VED  is  assumed  to  undergo  the  total 
displacement  that  occurs  in  the  brace-VED  system.  If  the  brace  is  actually  not  rigid,  this  assumption 
results  in  overestimating  the  VED  displacement  and  therefore  overestimating  the  degree  of  damping  it 
provides.  In  this  instance,  with  a  total  length  of  approximately  58.25  inches,  a  damper  brace  has  an  axial 
stiffness  of  1,800  kips/inch,  while  a  VED  has  a  shear  stiffness  of  slightly  less  than  12  kips/inch.  Joining 
the  brace  and  VED  in  series  results  in  an  effective  system  stiffness  of  1 1.92  kips/inch,  over  99%  of  the 
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stiffness  of  the  VED  alone.  Within  the  accuracy  that  can  be  achieved  experimentally  and  analytically,  this 
difference  is  insignificant. 

To  attach  the  braces  to  the  columns,  close-fitting  A36  steel  “collars”  were  fabricated  to  clamp 
around  the  columns  (Figures  A.  15  -  A. 20).  Each  column  was  measured,  and  the  collar  for  it  was 
fabricated  to  provide  a  precise  fit  to  its  dimensions.  In  addition,  when  the  collars  were  attached  to  the 
columns,  a  non-shrink  bedding  grout  was  placed  between  the  collar  components  and  the  columns  to  ensure 
as  tight  a  fit  as  possible.  The  collars  were  also  utilized  to  provide  confinement  for  the  concrete  in  the  lap 
splice  regions  of  the  exterior  columns,  increasing  the  need  for  a  tight  fit.  To  minimize  fabrication  costs,  L 
7"  x  4"  x  %"  sections  were  used  (Figures  A.  14  and  A.  15).  The  7"  leg  was  chosen  to  cover  the  lap  splice 
region  of  the  external  columns.  The  %"  thickness  was  the  minimum  available  for  the  7"  leg  length,  but  the 
thickness  had  the  added  advantage  of  providing  sufficient  strength  and  stiffness  to  prevent  collar 
deformation.  To  provide  uniformity,  %"  plate  stock  was  used  in  fabricating  the  side  faces  in  the  collars. 

The  gusset  plate  in  each  connection  was  welded  using  "  fillet  welds  (E70  electrodes)  over  the 

entire  length  of  contact  between  the  plate  and  the  adjoining  L  7"  x  4"  x  %"  section,  on  both  sides  of  the 
plate.  The  L  2"  x  1"  x  j/. "  clip  angle  used  to  connect  the  collar  side  faces  to  the  L  7"  x  4"  x  %"  or  the 

s/8"  back  plate  was  connected  to  the  side  face  using  a  continuous  y  "  fillet  weld  (E70  electrodes)  along 

the  exposed  perimeter  of  the  clip  angle,  resulting  in  a  weld  length  of  approximately  5-Vz"  on  each  clip  angle. 
These  welds  are  not  shown  in  figures  A.  15  and  A.  16,  to  minimize  clutter  in  them. 

To  avoid  the  possibility  that  the  collars  might  slip  along  the  column  heights  during  seismic 
simulations,  a  Vz"  diameter  “all-thread”  bolt  was  cast  into  each  column  in  the  collar  region  and  used  as  a 
means  of  positive  attachment  for  each  collar.  In  a  full-scale  rehabilitation,  such  a  measure  would  require 
drilling  into  an  existing  column  and  inserting  dowels  to  provide  positive  attachment.  Concern  for  damage 
to  the  relatively  small  model  column  dimensions  by  drilling  dictated  that  the  bolts  be  precast  into  the  model. 

The  original  design  for  the  collars  and  braces  included  a  single  Vz'  diameter  bolt  acting  as  a  pin  to 
connect  each  collar  and  brace  (Figures  A.  15  and  A.  1 6).  Conceptually,  such  a  pinned  joint  would  permit 
the  braces  to  act  as  true  pinned  members,  with  no  frame-induced  flexure.  In  practice,  during  the  initial 
low-level  seismic  simulations,  it  was  seen  that  the  VED  rotational  stiffnesses  were  so  low  that  the  braces 
would  bend  substantially  out  of  plane  under  compressive  loading.  This  necessitated  adding  small  tack 
welds  between  the  brace  ends  and  the  collars,  to  prevent  brace  rotation;  see  Figure  A.21. 


394 


Pre-test  predictions  of  responses  to  the  earthquake  simulations  indicated  that  the  shear  capacities  of 
the  bases  of  the  first  story  exterior  columns  might  be  exceeded.  Therefore,  supplemental  anchorages  to  the 
base  girder  were  provided,  to  increase  the  shear  capacities  of  those  columns.  These  anchorages  could 
transmit  forces  from  the  braces  directly  to  the  “foundation,”  or  base  girder.  See  Figure  A.  17.  One-half 
inch  diameter  all-thread  bolts  were  secured  in  drilled  holes  using  a  commercial  epoxy  mix  with  a  shear 
strength  of  2,250  psi.  Because  pre-test  analyses  showed  that  column  shears  at  the  bases  of  the  second  story 
exterior  columns  would  be  similar  to  those  at  the  first  story,  similar  anchorage  was  provided  for  the  second 
story  exterior  columns.  This  anchorage  involved  drilling  into  the  spandrel  beam,  inserting  a  VS"  diameter 
A490  (B7)  all-thread  bolt,  and  epoxying  the  bolt  into  place  (Figures  A.  1 8  &  A.  19).  In  both  the  base  girder 
and  the  first  floor  slab,  the  two  all-thread  bolts  added  8.6  kips  of  shear  transfer  capacity  (allowable  stress, 
friction-type  connection)  to  each  column.  This  was  a  higher  added  capacity  than  pretest  analyses  indicated 
was  needed,  but  the  bolts  were  used  because  of  their  local  availability.  Two  bolts  per  column  were  used  to 
ensure  that  force  distributions  were  uniform  around  each  column.  The  design  of  these  elements  is  discussed 
in  Chapter  2. 

(d)  Supplemental  Weights 

Supplemental  lead  weights  were  added  to  the  floor  slabs  at  each  level  to  model  more  accurately 
gravity  loads  at  all  times  and  inertial  loads  during  seismic  simulations.  Because  its  density  is  the  highest  of 
any  commonly  available  material,  lead  was  chosen  for  the  supplemental  weight  material.  The  lead  weights 
and  the  weights  of  the  slabs  and  columns  in  the  model  resulted  in  simulating  approximately  the  evenly 
distributed  gravity  loads  of  the  prototype  structure.  Imposed  live  loads  and  other  structural  loads  (e.g. 
walls)  were  not  simulated.  Space  limitations  on  and  around  the  model  structure  prohibited  the  addition  of 
more  weights  than  were  used. 

Exact  similitude  modeling  would  require  the  same  distributed  loads  in  the  scaled  model  as  in  the 
full-scale  prototype.  From  the  original  design  drawings  for  the  prototype,  the  total  structural  loading  in  the 
first  and  second  floors  of  the  prototype,  excluding  live  loads,  was  approximately  1 15  psf.  On  the  third 
floor,  or  roof,  of  the  prototype,  the  loading,  excluding  live  loads,  was  approximately  108  psf.  In  the  model, 
the  average  distributed  loading  from  the  lead  weights  and  the  concrete  structure  was  approximately  104  psf 
on  the  first  and  second  floors,  and  99  psf  on  the  third  floor. 

Floors  1  and  2  each  had  192  lead  weights  (“pigs”)  that  weighed  approximately  66  lb  each,  while 
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floor  3  had  208  pigs  that  weighed  approximately  56  lb  each.  The  two  different  sizes  of  pigs  were 
purchased  at  different  times.  Their  shapes  were  essentially  identical,  but  their  dimensions  varied  slightly. 
Within  each  size,  the  pigs  varied  slightly  in  their  individual  weights.  A  random  sampling  of  six  pallets  (25 
pigs  per  pallet)  of  each  size  pig  was  used  to  establish  the  average  weights.  Since  the  primary  area  of  study 
was  the  north-south  response  of  the  structure,  the  pigs  were  located  in  four  lines  paralleling  the  north-south  ' 
column  lines.  Within  those  lines,  the  weights  were  distributed  as  uniformly  as  possible.  Their  layouts  may 
be  seen  in  Figures  A.23  and  A. 24.  The  weights  were  stacked  two-deep  (Figures  A.25  -  A.28).  This 
configuration  resulted  in  a  less  uniform  distribution  of  total  loading  in  the  transverse,  or  east-west,  direction 
than  would  be  observed  in  the  prototype,  but  the  layout  was  necessitated  by  working  space  limitations  in 
and  around  the  model.  Since  the  model  had  free  ends  on  its  east  and  west  sides,  its  transverse  load 
distribution  did  not  precisely  replicate  those  of  the  prototype  anyway. 

The  two-deep  stacks  were  secured  to  the  structure  by  means  of  Vi  diameter  all-thread  bolts  that 
passed  through  brass  tubes  that  were  cast  in  the  floor  slab  (Figure  A.22).  An  elastomeric  pad  under  each 
pig  stack  allowed  the  slab  underneath  to  move  and  deform,  reducing  the  direct  influence  of  the  pigs  on 
structural  stiffnesses.  The  two-deep  configuration  raised  the  effective  center  of  gravity  for  each  floor 
slightly  above  the  point  that  would  result  from  scaling  directly  from  the  prototype.  Summaries  of  the 
vertical  distribution  of  weight  in  the  model  are  shown  in  Table  A.5 .  The  vertical  centers  of  gravity  shown 
there  were  used  in  all  overturning  moment  calculations. 

A.4  Safety  Frame 

The  possibility  of  a  complete  structural  collapse  during  the  earthquake  simulations  was  a  concern. 
Of  particular  note  was  the  possibility  of  a  ‘pancake”  collapse  of  the  slabs  if  a  shear  failure  of  the  slab 
occurred  around  the  interior  columns.  The  slab  bottom  reinforcement  did  not  continue  through  the  column 
connection  regions,  so  the  interior  column  joints  were  vulnerable.  To  protect  those  who  worked  around  the 
model  and  the  shaking  table  equipment,  a  structural  steel  “safety  frame”  was  erected  to  catch  the  model  if  it 
should  collapse.  The  frame  is  shown  in  Figure  2.10.  It  was  fabricated  from  built-up  and  single  structural 
steel  members  that  were  readily  available.  Beam  elements  of  the  frame  were  carefully  inserted  beneath 
each  of  the  floor  slabs  and  bolted  to  steel  towers  that  rested  on  the  shaking  table  reaction  mass.  The 
elements  of  the  frame  did  not  contact  the  model,  so  the  frame  did  not  influence  the  model  response.  The 
structure  did  not  collapse.  The  frame  hampered  model  access  and  visibility. 
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Table  A.  1  Test  Results,  Deformed  Steel  Wire  Used  in  Model  Structure  Reinforcement 
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1 _ 11 

Age 

(Days) 

Compressive 
Strength,  PSI 

Average  Compressive 
Strength,  PSI 

Modulus  of  Elasticity, 

ACI  8.5.1,  KSI 

Location 

Cast  Date 

Test  Date 

Floor  1 

02-M-93 

03 -Mar-94 

244 

I 

Floor  1 

02-Jul-93 

03-Mar-94 

244 

■ 

Floor  1 

02-Jul-93 

03-Mar-94 

244 

■■ 

Floor  1 

02-Jul-93 

03 -Mar-94 

244 

mmm 

Floor  1 

02-M-93 

03 -Mar-94 

244 

5,904 

Floor  1 

02-Jul-93 

03-Mar-94 

244 

WH 

Efflzzm 

5,808 

4,344 

Floor  2 

20-Jul-93 

03-Mar-94 

226 

WBSm I 

Floor  2 

20-Jul-93 

03-Mar-94 

226 

BH 

Floor  2 

20-Jul-93 

03 -Mar-94 

226 

5,599 

Floor  2 

20-Jul-93 

03-Mar-94 

226 

mK&m 

Floor  2 

20-Jul-93 

03 -Mar-94 

226 

WEzm 

Floor  2 

20-Jul-93 

03 -Mar-94 

226 

5,566 

5,538 

4,242 

Floor  3 

KEfSilBEl 

03-Mar-94 

176 

6,554 

Floor  3 

03-Mar-94 

176 

Floor  3 

03-Mar-94 

176 

■XE&9I 1 

6,441 

4,575 

Total  Structure 

5,929 

4,389 

Table  A.2  Test  Results,  6"  x  12"  Concrete  Compression  Cylinders 
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Table  A.3  Flexural  Test  Results,  6"  x  6"  x  30"  Concrete  Beams 


Location 


Floor  1 


Floor  1 


Floor  1 


Floor  1 


Floor  1 


Floor  1 


Cast  Date 


02-M-93 


02-Jul-93 


02-Jul-93 


02-M-93 


02-Jul-93 


02-Jul-93 


Age 

Test  Date  I  (Days) 


03 -Mar-94  244 


03 -Mar-94 


03 -Mar-94 


03 -Mar-94 


03 -Mar-94 


03 -Mar-94 


Average  Split  Cylinder  ACI  11.2.1.1 
Strength,  PSI  PSI 


nni 


Floor  2  20-M-93  03-Mar-94 


Floor  2  20-M-93  03-Mar-94 


Floor  2  20-M-93  03-Mar-94 


Floor  2  20-Jul-93  03-Mar-94 


Floor  2  20-M-93  03-Mar-94 


Floor  2  |  20-Jul-93  03-Mar-94 


nmi 


Floor  3 


Floor  3 


Floor  3 


e— ai 


03 -Mar-94 

176 

539 

03 -Mar-94 

176 

508 

03-Mar-94 

176 

518 

Table  A.4  Split  Cylinder  Test  Results,  6"  x  12"  Concrete  Cylinders 
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♦Concrete  Unit  Weight  in  PCI  Lead  Ingot  Weight  in  Pounds  per  Ingot  Distributed  Floor  Load  Comprised  of  Slab  and  Lead  Ingot  Weights. 

Table  A.5  Model  Floor  Weights  and  Centers  of  Gravity. 
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Figure  A.l  Deformed  Wire  Used  as  Remforcement 
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Figure  A.2  Pre-Annealing  Load-Strain 
Curve  for  D5  Bar 


Figure  A.3  Post- Annealing  Load-Strain  Curve  for 
D5  Bar 
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Figure  A.4  Plan  View  of  Base  Girder 
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SECTION  A-A  SECTION  B-B 

Figure  A.5  Cross-Sections  of  Primary  Base  Girder  Members 


SECTION  C-C 

Figure  A.  6  Cross-Section  of  Lateral  Base 
Girder  Members 


403 


Figure  A.8  Slab  Formwork  and  Reinforcement 
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Figure  A.9  Interior  Column  and  Slab  Joint  Reinforcement 


Figure  A.  10  Exterior  Column 
Reinforcement 
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Figure  A.12  Casting  of  Third  Story  of  Model,  Upper  View 
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Figure  A.  14  Diagonal  Brace  Details 


407 


Figure  A.  15  Typical  Exterior  Column  Collar  Details 
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Figure  A.  17  Collar  on  First  Floor  Exterior  Column 


Figure  A.  18  Collar  on  Second  Floor  Exterior  Column 
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Figure  A.20  Side  View  of  Collar  on  Second  Floor  Interior  Column 
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Figure  A.21  Typical  Spot-Weld  of  Brace  to  Collar 
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Figure  A.22  Typical  Lead  Weight  Arrangement 


Figure  A.23  Lead  Weight  Locations,  First  and  Second  Floor  Slabs 


Figure  A.24  Lead  Weight  Locations,  Third  Floor  (Roof)  Slab 
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Figure  A.25  Lead  Weight  Configuration,  Floors  2  and  3 


Figure  A.26  Lead  Weight  Configuration,  Floors  1  and  2  (Shoring  in  Place) 


Figure  A.27  Typical  Lead  Weight  Stacks,  Side  View 


Figure  A.28  Typical  Lead  Weight  Stacks,  End  View 
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APPENDIX  B 

SHAKING  TABLE  CHARACTERISTICS,  INSTRUMENTATION,  AND  DATA  DESCRIPTIONS 


This  appendix  briefly  details  the  physical  characteristics  of  the  U.S.  Army  Construction 
Engineering  Research  Laboratories’  (USACERL)  shaking  table,  presents  the  instrumentation  plan  for  the 
earthquake  simulation  testing,  and  describes  the  instrumentation  systems  used  in  the  tests.  Section  B.  1 
describes  the  shaking  table’s  physical  characteristics,  basic  performance  envelope,  and  electronic  control 
systems.  Section  B.2  outlines  the  instrumentation  used  in  the  project.  Accelerometers,  variable  resistance 
displacement  transducers,  linear  variable  displacement  transducers,  strain  gages,  and  thermocouples  were 
used  to  record  information  on  the  performance  of  the  model.  These  transducers  are  described,  and  their 
locations  on  the  models  are  shown. 

B.l.  USACERL  Shaking  Table 

(a)  General  Description 

The  USACERL  shaking  table,  or  Biaxial  Shock  Test  Machine  (BSTM),  was  constructed  by  the 
U.S.  Army  in  1971  to  support  research  for  the  SAFEGUARD  antiballistic  missile  system  development. 

This  research  required  the  unique  operating  characteristics  of  high  frequency  and  high  acceleration  for 
payloads  weighing  up  to  12,000  lb.  In  1996,  a  complete  “triaxial”  upgrade  of  the  BSTM  was  completed. 

In  its  new  configuration,  the  shaking  table  system  has  been  improved  in  a  number  of  major  areas.  This 
description  summarizes  the  capabilities  of  the  original  BSTM  configuration,  which  was  used  in  this  project. 

A  plan  view  of  the  BSTM  is  shown  in  Figure  B.l.  The  BSTM  had  controlled  motion  capability 
for  its  vertical  axis  and  one  horizontal  axis.  The  biaxial  motion  control  required  that  five  degrees  of 
freedom  (DOFs)  be  controlled:  translations  for  each  of  the  two  axes  of  motion,  roll,  pitch,  and  yaw.  The 
sixth  DOF,  lateral  translation,  was  controlled  passively  by  spherical  hydraulic  bearings  mounted  between 
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the  platform  and  the  sidewalls  of  the  pit  for  the  platform.  For  the  testing  in  this  project,  no  vertical  motions 
were  input.  All  earthquake  simulations  were  uniaxial. 

The  BSTM  platform  is  a  welded  cellular  aluminum  structure  measuring  12  ft  x  12  ft  in  plan 
(Figure  B.l).  Its  relatively  light  weight  of  12,000  lb  and  its  inherent  structural  stiffness,  combined  with 
large  actuator  capacities,  accommodate  controlled  frequencies  of  0-200  hertz  (Hz)  with  its  “rated”  payload 
of  12,000  lb.  At  this  rated  payload,  peak  controlled  accelerations  of  30.0  g,  vertical,  and  20.0  g, 
horizontal,  are  attainable.  For  test  payloads  weighing  more  than  the  rated  12,000  lb,  peak  attainable 
accelerations  are  commensurately  smaller.  Peak  attainable  actuator  velocities  exceed  30  inches  per  second 
(ips).  Previous  testing  experience  indicated  that  motions  with  peak  accelerations  exceeding  2.0  g  for  a 
60,000  payload  were  attainable,  indicating  that  no  problems  in  generating  the  required  seismic  simulations 
would  be  encountered. 

Peak-to-peak  displacement  capabilities  are  2  vertical,  and  5 -Vi\  horizontal.  The  nine  BSTM 
vertical  actuators  can  develop  a  total  maximum  thrust  of  8 10  kips,  while  the  six  horizontal  actuators  can 
develop  a  total  maximum  thrust  of  450  kips.  Hydraulic  power  was  provided  by  a  hydraulic  power  supply 
operating  at  3,000  psi.  An  1,800  gallon  accumulator  system  provided  a  10-12  second  surge  capacity  for 
maximum  excitation  levels. 

Separate  reinforced  concrete  vertical  and  horizontal  foundations  accommodate  all  reactions.  Their 
combined  weight  is  approximately  4,000  kips.  The  separate  foundations  minimize  cross-coupling  between 
vertical  and  horizontal  reaction  forces. 

(b)  BSTM  Control  System 

The  BSTM  control  system  is  a  hybrid  digital-analog  system.  The  analog  hardware  directly 
controlled  the  hydraulic  system,  while  the  digital  hardware  acted  as  a  user  interface.  Analog-to-digital  and 
digital-to-analog  converter  systems  linked  the  two. 

The  analog  system  directly  controlled  each  actuator  separately  with  separate  closed-loop  control 
circuits  consisting  of  three  integrated  feedback  loops  per  actuator.  The  control  loops  for  all  15  actuators 
were  interconnected,  permitting  active  control  of  the  five  table  DOF.  Roll,  pitch,  and  yaw  compensations 
were  added  algebraically  to  the  average  horizontal  and  vertical  commands  to  ensure  biaxial  performance. 
Several  compensation  functions  were  also  provided:  actuator  force  balancing,  actuator  overshoot  and 
ringing,  oil  column  spring-mass  characteristics  stabilization,  test  specimen  center  of  gravity  overturning 
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compensation,  and  horizontal-vertical  displacement  cross-coupling  compensation. 

A  Data  Translation  model  DT283 1-G  16-channel  digital  data  acquisition  board,  installed  in  an 
80386-based  microcomputer  and  operated  in  the  digital-to-analog  mode,  was  used  to  proved  the  analog 
drive  signal  to  the  BSTM  for  table  control. 

B.2  Instrumentation 


Instrumentation  was  provided  to  measure  displacements  and  accelerations  of  the  shaking  table 
platform,  base  girder,  and  each  of  the  floor  slabs;  all  viscoelastic  damper  (VED)  displacements  and  forces; 
temperature  in  two  VEDs;  and  key  slab  and  column  reinforcement  strains. 

A  total  of  76  channels  of  data  was  acquired  for  each  seismic  simulation  in  which  the  VED  were 
installed  on  the  model.  Table  B.l  lists  the  individual  data  channels.  Channels  1-15  recorded  accelerations 
of  the  shaking  table  platform,  base  girder,  and  floor  slabs;  channels  16-27  recorded  their  displacements. 
Channels  28-39  recorded  VED  displacements;  channels  40-51  recorded  VED  loads.  Channels  52-74 
recorded  reinforcement  strains.  Channels  75  and  76  recorded  temperatures  in  two  VEDs.  When  seismic 
simulations  for  the  structure  without  VEDs  installed  were  conducted,  channels  28-51  and  75-76  were 
inactive. 

Figures  B.2  -  B.8  show  the  locations  and,  where  appropriate,  the  directions  of  measured 
displacement  or  acceleration,  for  all  transducers. 

(a)  Accelerometers 

Endevco  model  7290-10  and  7290-30  accelerometers  were  used  to  measure  accelerations.  These 
accelerometers  employ  variable  capacitance  microsensors  with  a  frequency  response  of  0-  500Hz.  The 
accelerometers  were  connected  to  Endevco  model  4476.2  and  4476. 2A  signal  conditioners,  which  provided 
power,  balancing,  and  signal  amplification.  Acceleration  measurement  ranges  for  the  various  sensors 
differed.  Their  acceleration  measurement  ranges  varied,  but  checks  of  all  data  recorded  indicated  the 
ranges  were  satisfactory.  All  accelerometers  were  mounted  on  aluminum  blocks  that  had  been  epoxied  to 
the  model  or  the  shaking  table.  Sensors  were  typically  mounted  on  the  top  horizontal  surface  of  the 
elements  for  which  accelerations  were  being  measured. 

One  accelerometer,  ATX1,  was  mounted  on  the  north-south  centerline  of  the  shaking  table 
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platform  (Figure  B.2).  This  sensor  served  two  primary  purposes.  First,  it  confirmed  the  accuracy  of  the 
accelerometer  array  inside  the  shaking  table  platform  that  was  used  to  control  the  BSTM.  Second,  in 
conjunction  with  accelerometers  AGX1  and  AGX2  (Figure  B.3),  it  confirmed  that  the  base  girder  did  not 
slip  on  the  shaking  table  platform.  Checks  of  data  recorded  with  these  gages  confirmed  both  the  accuracy 
of  the  internal  accelerometer  array  and  the  lack  of  base  girder  slippage. 

Accelerometers  AGX1  and  AGX2  were  also  used  to  confirm  that  all  input  motions  were  purely 
translational,  with  no  directly-induced  torsion  at  the  base.  Accelerometers  AGZ1  and  AGZ2  (Figure  B.3) 
measured  vertical  accelerations  at  the  base  girder  level,  to  confirm  that  input  motions  did  not  include 
vertical  components  due  to  any  rocking  of  the  shaking  table  platform. 

As  shown  in  Figures  B.4  -  B.6,  two  accelerometers  on  each  of  the  three  floor  slab  levels  measured 
north-south  accelerations;  the  dual  sensors  on  each  floor  provided  redundancy  and  a  means  of  checking 
possible  torsional  motions  in  the  model.  One  accelerometer  was  also  mounted  at  the  top  of  each  of  the  two 
stationary  reaction  frames  to  measure  reaction  frame  accelerations  (Figure  B.7).  The  information  from 
these  sensors  was  used  to  determine  whether  the  reaction  frames  were  moving  sufficiently  to  negate  the 
assumption  that  they  were  “stationary.”  The  assumption  allowed  the  use  of  the  reaction  frames  as  fixed 
points  from  which  absolute  displacements  of  the  model  could  be  measured. 

(b)  Absolute  Displacement  Transducers 

Celesco  model  PT101-10  and  PT101-60A  variable  resistance  displacement  transducers  were  used 
to  measure  the  absolute  displacement  of  the  shaking  table  and  various  locations  on  the  model  that  were 
referenced  to  the  shaking  table  foundation  floor.  The  Celesco  unit  employs  a  spring-loaded  precision  rotary 
potentiometer  with  flexible  steel  wire  cable  wrapped  around  the  potentiometer  shaft.  The  other  end  of  the 
cable  is  attached  to  the  point  where  displacement  is  to  be  measured.  When  displacement  occurs,  the  cable 
motion  rotates  the  shaft  of  the  potentiometer,  causing  a  change  in  electrical  resistance  that  is  proportional 
to  displacement.  Transducers  were  connected  to  Endevco  model  4471.3  signal  conditioners,  which 
provided  DC  power  and  electrical  balancing,  but  no  signal  amplification 

The  transducers  were  mounted  on  large  steel  reference  frames  that  were  placed  on  the  shaking  table 
foundation;  transducer  mounts  were  bolted  to  the  reaction  frame  members.  Transducer  sensing  elements 
were  attached  to  the  model  and  the  shaking  table  using  stranded  steel  extension  wires;  the  wires  were 
typically  connected  to  rigid  hooks  that  were  epoxied  on  the  model.  Measurement  locations  are  shown  in 
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Figures  B.3-  B.6. 

For  each  slab  displacement  gage,  the  mount  was  located  at  slab  mid-depth.  At  the  base  girder 
level,  three  displacements  were  measured:  the  north-south  displacements  of  each  of  its  legs,  and  its  east- 
west  displacement  near  its  northwest  comer.  These  displacement  measurements  provided  another  check  on 
the  degree  of  torsional  motion  that  was  input  at  the  base  level.  For  each  of  the  floor  slabs,  three 
displacements  were  measured:  the  north-south  displacements  of  each  of  the  floor  slab  at  the  main  column 
lines,  and  the  east-west  displacement  at  the  northwest  comer  of  the  slab.  These  displacement 
measurements  provided  checks  on  the  degree  of  torsional  motion  that  occurred  in  each  of  the  floor  slabs,  in 
addition  to  providing  redundancy  on  the  measurement  of  north-south  displacements. 

Because  of  damage  to  some  of  the  transducers  that  was  caused  by  workers  becoming  entangled  in 
the  gage  wires,  several  adjustments  to  the  gage  scheme  were  required  during  the  test  series.  The  gage  at 
DGX2  was  damaged  following  simulation  T021DS.  The  gage  at  DGY1  was  moved  to  the  DGX2  location, 
so  no  further  DGY1  measurements  were  possible.  Following  simulation  E250DL,  the  gage  at  DGX2  was 
again  damaged.  The  gage  at  D1Y1  was  moved  to  the  DGX2  location,  so  no  further  D1Y1  measurements 
were  possible.  Following  simulation  E125N,  the  gage  at  D1X2  was  damaged.  At  that  time,  it  was  decided 
to  rely  solely  on  gage  D1X1  for  north-south  translation  measurements.  From  that  point,  there  were  no 
averaged  first  floor  translations,  and  checks  on  torsion  were  based  more  heavily  on  upper  floor 
measurements. 

(c)  Linear  Variable  Displacement  Transducers  (LVDTs) 

Trans-Tek  model  0245-0000D90  LVDTs  and  Hewlett  Packard  model  7DCDT-3000  DC  LVDTs 
were  used  to  measure  relative  displacements  across  all  VEDs.  These  transducers  are  DC  powered  units 
that  provided  electrically  isolated  output  signals.  The  LVDTs  were  connected  to  Endevco  model  4471.1 A 
signal  conditioners,  which  provide  DC  power  but  no  signal  amplification  or  electrical  balancing.  The  . 
LVDTs  were  electrically  balanced  by  adjusting  the  physical  position  of  their  sensing  cores  to  produce  zero 
output  signal  as  the  transducers  were  installed  on  the  diagonal  braces. 

Mounts  for  the  LVDTs  were  epoxied  to  the  braces  that  contained  the  VEDs.  The  mounts  were 
located  2-V. i”  from  each  end  of  each  VED,  so  that  displacement  measurements  were  effectively  entirely 
composed  of  VED  displacements,  with  no  measurable  brace  strain  added. 
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(d)  Strain  Gages 


Electrical  resistance  strain  gages  were  installed  on  all  of  the  diagonal  VED  braces  and  at  several 
locations  on  the  steel  reinforcement  that  was  embedded  in  the  concrete  columns  and  floor  slabs. 

For  measuring  VED  loads,  each  VED  brace  had  a  four  strain  gage  bridge  consisting  of 
Measurements  Group  type  CEA-06-250U-350  strain  gages.  These  gages  have  a  constantan  alloy  sensing 
grid  with  complete  polyamide  encapsulation  that  is  temperature  compensated  for  steel.  The  gage  sensing 
grid  is  0.25"  long  by  0.18"  wide. 

Each  brace  was  composed  of  two  angle  sections  placed  back  to  back  (Figure  2.26).  On  the  back 
face  of  each  angle,  one  gage  was  mounted  parallel  to  the  longitudinal  axis  of  the  brace,  while  another  gage 
was  mounted  perpendicular  to  the  longitudinal  axis  of  the  brace.  The  four  gages  on  the  two  angle  sections 
were  connected  to  form  a  single  Wheatstone  bridge  circuit.  Each  bridge  circuit  was  connected  to  a  Vishay 
model  2120  signal  conditioner  to  provide  power,  balancing,  and  signal  amplification.  Prior  to  being  placed 
in  the  model,  each  double-angle  brace  was  calibrated  as  a  load  transducer  in  a  50  kip  load  frame.  As  loads 
were  applied  to  the  brace,  the  output  of  the  bridge  circuit  was  used  to  derive  a  brace  load  calibration  factor 
in  pounds/volt. 

Selected  steel  reinforcing  bars  were  instrumented  with  Measurements  Group  type  CEA-06-125UN- 
350  strain  gages  with  constantan  alloy  sensing  grids,  with  complete  polyamide  encapsulation  that  is 
temperature  compensated  for  steel.  The  gage  sensing  grid  is  0. 125"  long  by  0. 100"  wide.  Each  gage  was 
connected  to  a  Vishay  model  2120  signal  conditioner  to  provide  power,  balancing,  and  signal  amplification. 
In  this  configuration,  the  strain  gage  formed  one  arm  of  a  Wheatstone  bridge,  with  the  remaining  three  arms 
consisting  of  precision  resistors  in  the  signal  conditioner  equipment. 

The  reinforcement  strain  gages  were  mounted  on  a  number  of  slab  and  column  reinforcement  bars. 
The  locations  of  the  slab  reinforcement  strain  gages  were  selected  to  provide  information  concerning  the 
variation  of  slab  flexural  strain  with  transverse  distance  from  the  longitudinal  column  lines;  this  variation 
can  assist  in  the  determination  of  the  “effective  width”  of  the  slab  in  flexural  calculations.  Locations  of 
slab  reinforcement  gages  are  shown  in  Figures  B.9  -  B.ll.  The  gages  were  all  located  on  top  longitudinal 
bars.  The  locations  of  column  reinforcement  strain  gages  were  selected  for  the  dual  purpose  of  tracking 
flexural  strains  and  reinforcement  slippage  in  bar  lap  splice  zones.  Gages  on  the  column  reinforcement 
were  mounted  at  locations  of  1"  above  the  top  slab  (or  base  girder)  surfaces  and  1"  below  the  bottom  slab 
surfaces.  Locations  of  these  gages  are  shown  in  Figure  B.  12.  Only  those  gages  that  actively  recorded  data 
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are  shown  in  the  figures. 

Each  reinforcing  bar  that  was  gaged  was  ground  to  remove  cold-rolled  deformations  and,  to  the 
extent  possible,  flatten  the  curvature  of  the  round  wire  circumference.  Following  gage  attachment,  an 
epoxy  coating  was  applied  to  protect  each  gage  from  later  concrete  casting  activity.  As  will  be  observed  in 
the  test  results,  many  of  the  strain  gages  were  ineffective  during  the  testing.  Several  gages  apparently  did 
not  bond  well  to  the  reinforcement.  It  is  speculated  that  the  small  wire  diameters  and  accompanying  sharp 
wire  circumference  curvatures,  combined  with  the  gage  backing  stiffness,  prevented  adequate  bond.  In  at 
least  two  instances,  researchers  accidentally  broke  off  the  gage  lead  wires  when  they  were  stripping  the 
concrete  forms;  it  was  not  possible  to  clear  enough  concrete  away  from  the  broken  leads  to  accommodate 
reattachment  efforts. 

(e)  Thermocouples 

Two  thermocouples  w'ere  mounted  by  3M  Corporation  in  two  of  the  VEDs.  These  thermocouples 
were  intended  to  measure  temperature  changes  in  the  viscoelastic  material.  The  stiffness  and  damping 
properties  of  the  material  are  temperature-dependent,  and  the  energy  dissipation  that  occurs  during  shearing 
of  the  material  causes  it  to  get  warmer.  The  thermocouples  were  inoperative  and  never  provided  any  data. 

(f)  Data  Acquisition  and  Shaking  Table  Control 

Figure  B.  13  is  a  schematic  block  diagram  of  the  instrumentation,  data  acquisition,  and  test  control 
systems.  The  76  transducer  channels  were  recorded  using  a  digital  data  acquisition  system.  Transducer 
output  signals  were  connected  to  Data  Translation  model  DT283 1-G  16  channel  digital  data  acquisition 
boards  installed  in  80386-base  microcomputers.  The  data  acquisition  boards  were  all  programmed  for  the 
same  digital  sampling  rate  (300  Hz)  and  number  of  sampling  points.  A  common  external  trigger  signal  was 
used  to  initiate  data  recording  on  all  of  the  data  acquisition  boards  simultaneously,  so  that  a  common  time 
reference  was  established  for  all  test  data.  A  separate  DT283 1-G  board  operated  in  the  digital-to-analog 
mode  was  used  to  provide  the  analog  drive  signal  to  the  BSTM  for  test  control  during  the  seismic  tests. 
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Channel 

Gage 

■■■ 

Number 

Number 

H5B 

Direction 

Gage  Location 

1 

AFMl 

Acceleration 

N-S  Axis 

1  st  Floor,  North  Reference  Frame 

2 

AFM2 

Acceleration 

E-WAxis 

1st  Floor,  West  Reference  Frame 

3 

ATX1 

Acceleration 

N-S  Axis 

Table  Surface,  Center  Line 

4 

AGX1 

Acceleration 

N-S  Axis 

Base  Girder,  West  Column  Line 

5 

AGX2 

Acceleration 

N-S  Axis 

Base  Girder,  East  Column  Line 

6 

AGZ1 

Acceleration 

Vertical 

Base  Girder,  North  Center 

7 

AGZ2 

Acceleration 

Vertical 

Base  Girder,  South  Center 

8 

A1X1 

Acceleration 

N-S  Axis 

1st  Floor,  West  Side 

9 

A1X2 

Acceleration 

N-S  Axis 

1st  Floor,  East  Side 

10 

A2X1 

Acceleration 

N-S  Axis 

2nd  Floor,  West  Side 

11 

A2X2 

Acceleration 

N-S  Axis 

2nd  Floor,  East  Side 

12 

A3X1 

Acceleration 

N-S  Axis 

3rd  Floor,  West  Side 

13 

A3X2 

Acceleration 

N-S  Axis 

3rd  Floor,  East  Side 

14 

AFM3 

Acceleration 

N-S  Axis 

3rd  Floor,  North  Reference  Frame 

15 

AFM4 

Acceleration 

E-WAxis 

3rd  Floor,  West  Reference  Frame 

16 

DGX1 

Displacement 

N-S  Axis 

Base  Girder-North  Reference  Frame,  West  Column  Line 

17 

DGX2 

N-S  Axis 

Base  Girder-North  Reference  Frame,  East  Column  Line 

18 

DGY1 

E-WAxis 

Base  Girder-West  Reference  Frame 

19 

D1X1 

N-S  Axis 

1  st  Floor-North  Reference  Frame,  West  Column  Line 

20 

D1X2 

N-S  Axis 

1  st  Floor-North  Reference  Frame,  East  Column  Line 

21 

D1Y1 

E-W  Axis 

1  st  Floor-West  Reference  Frame 

22 

D2X1 

N-S  Axis 

2nd  Floor-North  Reference  Frame,  West  Column  Line 

23 

D2X2 

N-S  Axis 

2nd  Floor-North  Reference  Frame,  East  Column  Line 

24 

D2Y1 

E-WAxis 

2nd  Floor- West  Reference  Frame 

25 

D3X1 

N-S  Axis 

3rd  Floor-North  Reference  Frame,  West  Column  Line 

26 

D3X2 

N-S  Axis 

3rd  Floor-North  Reference  Frame,  East  Column  Line 

27 

D3Y1 

E-WAxis 

3rd  Floor-West  Reference  Frame 

28 

DSNW1 

1  st  Floor,  Northwest  Damper 

29 

DSNE1 

1st  Floor,  Northeast  Damper 

30 

DSSW1 

1st  Floor,  Southwest  Damper 

31 

DSSE1 

wsmmm 

1  st  Floor,  Southeast  Damper 

32 

DSNW2 

BEBS^SWIBB 

BB3H a 

2nd  Floor,  Northwest  Damper 

33 

DSNE2 

2nd  Floor,  Northeast  Damper 

34 

DSSW2 

[EB3BSB 

2nd  Floor,  Southwest  Damper 

35 

DSSE2 

B25HSB 

2nd  Floor,  Southeast  Damper 

36 

DSNW3 

Esm 

3rd  Floor,  Northwest  Damper 

37 

DSNE3 

W35SSM 

3rd  Floor,  Northeast  Damper 

38 

DSSW3 

3rd  Floor,  Southwest  Damper 

39 

DSSE3 

Displacement 

Damper 

3rd  Floor,  Southeast  Damper 

Table  B.  l.a  Instrumentation  List  for  Model 
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Channel 

Number 


Gage 

Number 


SSNW1 


SSNE1 


SSNW2 


SSNE2 


SSSW3 


SSNE3 


SSSW1 


SSSE1 


SSSW2 


SSSE2 


SSNW3 


SSSE3 


Strain  (Load) 


SGZ1 


SGZ3 


SGZ4 


S1Z1 


S1Z2 


S1Z3 


S1Z5 


S1Z6 


S1Z7 


S1Z8 


S1X4 


S1X5 


S1X16 


S1X11 


S1X12 


S1X13 


S1X14 


S1X15 


S2Z2 


S2Z3 


S2X4 


S2X5 


S2X6 


ThSWl 


ThSW2 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Rebar  Strain 


Direction  Gage  Location 


Strut  1st  Floor,  Northwest  Damper _ 


Strut  1st  Floor,  Northeast  Damper _ 


Strut  1st  Floor,  Southwest  Damper 


Strut  1st  Floor,  Southeast  Damper _ 


Strut  2nd  Floor,  Northwest  Damper 


Strut  2nd  Floor,  Northeast  Damper 


Strut  2nd  Floor,  Southwest  Damper 


Strut  2nd  Floor,  Southeast  Damper 


Strut  3rd  Floor,  Northwest  Damper  _ 


Strut  3rd  Floor,  Northeast  Damper _ 


Strut  1 3rd  Floor,  Southwest  Damper 


Strut  1 3rd  Floor,  Southeast  Damper 


Column 


Column 


Column 


Column 


Column 


Column 


Column 


Column 


Column 


Column 


Slab 


Slab 


Slab 


Slab 


Slab 


Slab 


Slab 


Slab 


Column 


Column 


Slab 


Slab 


Slab 


1st  Floor,  Northwest  Column,  Base,  North  Side _ 


1st  Floor,  Centerline  Column,  Base,  North  Side 


1st  Floor,  Centerline  Column,  Base,  South  Side 


1st  Floor,  Northwest  Column,  Top,  North  Side  _ 


1st  Floor,  Northwest  Column,  Top,  South  Side  _ 


1st  Floor,  Centerline  Column,  Top,  North  Side _ 


2nd  Floor,  Northwest  Column,  Base,  North  Side  _ 


2nd  Floor,  Northwest  Column,  Base,  South  Side _ 


2nd  Floor,  Centerline  Column,  Base,  North  Side 


2nd  Floor,  Centerline  Column,  Base,  South  Side _ 


1st  Floor,  Northwest  Column,  Column  Strip,  Top  Bar 


1st  Floor,  Centerline  Column,  Column  Strip,  Top  Bar 


1st  Floor.  Centerline  Column,  Middle  Strip,  Top  Bar 


1st  Floor,  Northwest  Column,  Column  Strip,  Top  Bar 


1st  Floor,  Northwest  Column,  Column  Strip,  Top  Bar 


1st  Floor,  Northwest  Column.  Middle  Strip,  Top  Bar 


1st  Floor,  Centerline  Column,  Column  Strip,  Top  Bar 


1st  Floor,  Centerline  Column,  Column  Strip,  Top  Bar 


2nd  Floor,  Northwest  Column,  Top,  South  Side _ 


2nd  Floor,  Centerline  Column,  Top,  North  Side 


2nd  Floor,  Northwest  Column,  Column  Strip,  Top  Bar 


2nd  Floor,  Centerline  Column,  Column  Strip,  Top  Bar 


2nd  Floor,  Centerline  Column,  Column  Strip,  Top  Bar 


1st  Floor,  Northwest  Damp* 


2nd  Floor,  Northwest  Damf 


Table  B.l.b  Instrumentation  List  for  Model,  Continued 
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Figure  B .  1  Plan  View  of  US  ACERL  Shaking  Table 


—H- 

Figure  B.2  Shaking  Table  Acceleration  Transducer 
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Figure  B.7  Displacement  Frame  Acceleration  Transducers 


Figure  B .  8  Damper  Displacement  and  Load  Transducers 
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Figure  B.9  Active  Reinforcement  Strain  Gages  in  First  Floor  Slab 


I  S  1/4*  I  i  /“««■■* 


Figure  B.  1 1  Slab  Reinforcement  Strain  Gage  Locations, 
Interior  Column 


H 


Figure  B.  12  Active  Column  and  Slab  Reinforcement  Strain  Gages 
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3 -Story  Building  Model 


Figure  B.  13  Block  Diagram  Showing  Shake  Table  Controls  and  Data  Acquisition  Systems 
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APPENDIX  C 

SEISMIC  SIMULATION  TEST  DATA 


This  appendix  presents  all  data  that  were  recorded  in  the  seismic  simulations  covered  by  this 
report.  Both  basic  recorded  data  and  derived  quantity  data  are  presented.  Procedures  used  for  derived 
quantities  are  explained  briefly.  Presented  data  include  floor  accelerations;  floor  relative  displacements; 
interstory  displacements;  story  shears;  hysteretic  behavior  of  the  structure;  overturning  moments; 
viscoelastic  damper  (VED)  forces  and  displacements;  VED  hysteretic  behavior;  comparisons  of  VED 
forces,  column  forces  and  story  shears;  column  shears;  relative  floor  velocities;  dynamic  characterizations 
of  the  model;  derived  energy  input  and  dissipation  quantities;  and  reinforcement  strains. 

C.l.  Recorded  Data  Descriptions 

All  motions  input  to  the  model  by  the  shaking  table  were  uniaxial,  north-south  translations. 

Shaking  table,  base  girder,  and  slab  displacements,  and  accelerations  in  the  east-west  direction,  were 
recorded  to  check  for  torsional  response  in  the  model.  Measured  east-west  quantities  were  negligible, 
indicating  torsion  did  not  occur,  and  they  are  not  reported.  For  each  instance  in  which  two  like  transducers 
recorded  parallel  data  for  the  north-south  displacements  or  accelerations,  the  average  of  the  two  transducer 
readings  is  reported. 

For  each  floor  level,  the  absolute  north-south  acceleration,  expressed  as  a  fraction  of  g,  is  reported. 
Acceleration  was  measured  as  positive  for  accelerations  to  the  north  of  the  origin. 

For  each  floor  level,  relative  and  interstory  displacements  are  reported.  Absolute  displacement 
was  measured  as  positive  for  displacements  south  of  the  zero  displacement  origin.  Relative  displacement  is 
calculated  as  the  difference  between  the  absolute  displacement  of  the  target  floor  level  and  the  base  girder. 
The  inter  story  displacement  is  calculated  as  the  difference  between  the  absolute  displacement  of  the  target 
floor  level  and  the  absolute  displacement  of  the  next  lower  floor  level.  Where  reported,  the  interstory  drift 
represents,  in  percent,  the  interstory  displacement  divided  by  the  story  height  measured  to  the  center  of  the 
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relevant  floor  slabs.  For  the  first  floor,  the  story  height  is  38.81".  For  the  second  and  third  floors,  the  story 
height  is  40.00". 

VED  LVDT  displacements  are  reported  as  VED  shear  deformations.  VED  brace  forces  are 
reported  as  VED  forces. 

C.2.  Data  Plots 

All  seismic  simulation  data  are  plotted  in  Figures  C.1.1  -  C.23.12.  All  data  were  recorded  at  a 
sampling  frequency  of  300  Hz,  while  all  plots  are  shown  at  a  sampling  frequency  of  80  Hz.  The  lower 
resolution  for  the  plots  was  found  not  to  affect  plot  fidelity,  as  the  significant  structural  response 
frequencies  were  all  lower  than  this  frequency. 

(a)  Acceleration  Histories 

Figures  C.1.1  -  C.1.17  present  floor  accelerations  vs.  elapsed  time.  Figures  C.1.18  -  C.1.24 
present  maximum  floor  acceleration  profiles. 

(b)  Structural  Displacement  Histories 

Figures  C.2. 1  -  C.2. 17  present  relative  displacements  of  all  floors  vs.  elapsed  time.  Figures  C.2. 18 
-  C.2.24  present  maximum  relative  story  displacement  profiles.  Figures  C.3.1  -  C.3.17  present  interstory 
displacements  of  all  stories  vs.  elapsed  time.  Figures  C.3.18  -  C.3. 30  present  interstory  drifts  of  all  stories 
vs.  elapsed  time;  these  plots  focus  on  the  ten  seconds  of  maximum  interstory  displacements  in  each 
simulation.  Figures  C.3.3 1  -  C.3.35  present  maximum  interstory  drift  ratio  profiles  for  all  simulations. 

(c)  Story  Shear  Histories 

Inertial  forces  for  each  floor  were  calculated  as  the  product  of  floor  acceleration  and  floor  mass. 
Floor  masses  were  derived  from  the  floor  weights  (Table  A.5).  Story  shears  are  reported  for  each  floor. 
Story  shear  is  calculated  as  the  sum  of  target  floor  inertial  force  and  the  inertial  forces  of  all  floors  above 
the  target  floor  level,  at  any  instant.  Base  shear  is  the  sum  of  all  floor  inertial  forces  at  any  instant  and  is 
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also  the  “first  story  shear.”  Figures  C.4. 1  -  C.4. 17  present  story  shears  vs.  elapsed  time.  Figures  C.4. 18  - 
C.4.24  present  maximum  story  shear  profiles,  measured  in  kips.  Figures  C.4.25  -  C.4.3 1  present 
maximum  story  shear  profiles,  normalized  by  the  total  model  weight. 

(d)  Story  Shear-Displacement  Hvstereses 

Figures  C.5.1  -  C.5.17  present  story  shears  vs.  corresponding  interstoiy  displacements  for  all  tests. 
These  plots  represent  the  combination  of  the  story  shear  and  interstory  displacement  histories.  These  plots 
facilitate  evaluation  of  stiffiiess  and  energy  dissipation  characteristics  of  each  story  of  the  model.  Figures 
C.6.1  -  C.6.5  present  base  shear  vs.  third  floor  relative  displacement.  These  plots  facilitate  evaluation  of 
the  overall  stiffiiess  and  energy  dissipation  characteristics  of  the  model.  The  sign  conventions  for  both 
story  shear  and  displacement  have  been  adjusted  to  portray  conventional  first-third  quadrant  behavior. 

(e)  Overturning  Moments 

Overturning  moments  (OTMs)  for  each  floor  level  were  calculated  as  the  sums  of  the  products  of 
the  floor  inertial  forces  and  the  distances  from  floor  centers  of  mass  to  the  reference  location  for  calculating 
OTMs,  for  each  floor  above  the  reference  location.  The  reference  locations  were  the  top  of  the  base  girder, 
for  base  OTM;  the  top  of  the  first  floor  slab,  for  first  floor  OTM;  and  the  top  of  the  second  floor  slab,  for 
second  floor  OTM.  Floor  masses  and  distances  from  the  top  of  the  base  girder  to  the  floor  centers  of  mass 
are  listed  for  each  floor  in  Table  A.5.  Figures  C.7.1  -  C.7.7  present  maximum  OTM  profiles  for  all  tests. 

(f)  Damper  Force  Histories 

Figures  C.8. 1  -  C.8.46  present  VED  force  vs.  elapsed  time  for  all  tests  with  VEDs  installed.  The 
sign  conventions  for  both  shear  deformation  and  displacement  have  been  adjusted  to  portray  conventional 
first-third  quadrant  behavior  for  all  VEDs.  Therefore,  the  plots  for  the  northeast  (NE)  and  northwest  (NW) 
VEDs  are  opposite  in  sign  to  those  of  the  southeast  (SE)  and  southwest  (SW)  VEDs. 
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(g)  Damper  Deformation  Histories 


Figures  C.9. 1  -  C. 9.46  present  VED  shear  deformation  vs.  elapsed  time  for  all  tests  with  VEDs 
installed. 

(h)  Damper  Force-Deformation  Hvstereses 

Figures  C.  10. 1  -  C.  10.46  present  VED  shear  deformation  vs.  force  for  all  tests  with  VEDs 
installed.  These  plots  facilitate  interpretation  of  the  energy  dissipation  characteristics  of  the  VEDs. 

(i)  Damper  Force  vs.  Story  Shear 

The  maximum  sums  of  the  horizontal  components  of  the  VED  forces  (using  the  undeformed 
geometry  of  the  structure)  were  calculated.  This  sum  corresponds  closely  with  the  story  shear  quantity, 
and  thus  provides  a  means  to  compare  the  VED  force  with  total  inertial  force  in  the  structure.  Figures 
C.ll.l  -  C.11.5  present  profiles  of  the  maximum  sum  of  the  horizontal  components  of  the  VED  forces, 
overlaid  on  the  corresponding  story  shears. 

For  all  tests  for  which  viscoelastic  damper  braces  were  installed,  column  shear  is  also  reported. 
The  column  shear  is  derived  as  the  difference  between  the  story  shear  and  the  sum  of  the  horizontal 
components  of  all  VED  brace  forces  for  the  subject  story  level.  It  provides  a  means  of  evaluating  the  shear 
forces  that  are  carried  by  the  columns  in  the  regions  not  strengthened  by  the  VED  collars.  Figures  C.  12. 1  - 
C.12.13  present  column  shear  vs.  elapsed  time,  for  all  tests  with  VEDs  installed.  Figures  C.13.1  -  C.13.13 
present  column  shears  vs.  corresponding  interstory  displacements  for  all  tests  with  VEDs  installed.  Figures 
C.  13. 14  -  C.  13. 18  present  profiles  of  the  maximum  column  shears,  overlaid  on  the  corresponding  story 
shears. 

Figures  C.14.1  -  C.14.17  present  overlays  of  the  story  shears,  column  shears,  and  sums  of  the 
horizontal  components  of  VED  forces  for  all  simulations  with  VEDs  installed,  plotted  against  elapsed  time. 
The  four  seconds  of  maximum  story  shear  are  presented  for  each  simulation.  These  plots  are  helpful  for 
discerning  the  interrelationships  of  the  three  main  force  quantities,  particularly  with  respect  to  the  effect 
that  the  phase  angle  that  exists  between  VED  force  and  displacement  has  on  the  force  distribution  in  the 
model. 
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(j)  Relative  Floor  Velocities 


Figures  C.15.1-C.15.9  plot  the  relative  floor  velocities  vs.  elapsed  time  in  each  of  the  earthquake 
simulations.  Since  the  VEDs  are  mounted  in  diagonal  braces  in  the  structure,  their  shear  deformation 
velocities  are  directly  related  to  the  relative  velocities  of  the  adjacent  floor  levels  through  the  geometry  of 
the  structure.  Since  the  energy  dissipation  contributed  to  a  structure  by  a  VED  is  often  modeled  using  a 
linear  viscous  damper,  or  “dashpot in  which  damper  force  is  the  product  of  a  viscous  damping  coefficient, 
cd ,  and  damper  excitation  velocity,  reflection  on  relative  floor  velocities  in  the  model  is  helpful  in 
understanding  the  VED  effects  on  the  structural  response.  Relative  floor  velocities  were  derived  by  first 
integrating  the  acceleration  time-histories  for  the  base  and  each  floor,  to  calculate  base  and  floor  velocities, 
and  then  subtracting  the  velocities  for  the  floor  level  immediately  below  the  floor  being  analyzed  from  the 
velocities  for  that  floor.  For  example,  to  derive  the  relative  velocity  of  Floor  3  with  respect  to  Floor  2,  the 
velocity  of  Floor  2  was  subtracted  from  the  velocity  of  Floor  3.  To  eliminate  the  tendency  for  the 
integrated  velocity  values  to  drift  from  a  non-zero  velocity  at  the  end  of  the  simulation,  tenth  order  curve 
fits  of  the  acceleration  time-histories  were  subtracted  from  the  acceleration  time  histories  before  the 
integration  was  performed. 

flri  Dynamic  Characterizations  of  Model 

Figures  C.  16. 1  -  C.  16.6  present  acceleration-based  transfer  functions  that  were  derived  from  the 
acceleration  histories  of  the  base  and  the  floors  in  the  model,  where: 

TF{f)=^^-  (C.l) 

B(f) 


In  Equation  C.l,  TF(f)  is  the  system  transfer  function  (TF),  while  B(f)  is  the  Fast  Fourier  Transform  (FFT) 
of  the  base  acceleration  history,  and  FL(f)  is  the  FFT  of  the  appropriate  floor  acceleration  time-history. 

The  TF  quantifies  the  dynamic  amplification  of  the  input  accelerations  as  a  function  of  the  frequency  (J)  of 
the  input.  The  TF  is  analogous  to  the  “transmissibility”  of  a  dynamic  system.  The  computation  assumes 
linear  behavior.  Since  this  structural  system  has  nonlinear  components  in  both  the  VEDs  and  the 
reinforced  concrete  structure,  the  observations  made  from  the  TFs  are  approximate.  The  TF  signal 
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typically  has  electronic  noise  associated  with  it.  Particularly  for  low  input  levels,  signal  noise  magnitude 
can  be  significant  with  respect  to  the  primary  signal.  It  was  found  that  a  degree  of  “smoothing”  of  the  TTs 
helped  to  facilitate  pinpointing  modal  frequencies  and  calculating  modal  damping.  The  plots  shown  are  the 
results  of  smoothing  the  actual  TFs  using  two  algorithms  available  in  the  software  package  DPLQT,  which 
was  developed  by  the  U.S.  Army  Waterways  Experiment  Station.  The  first  algorithm  removes  random 
“spikes”  from  each  FFT,  where  the  spikes  are  single  data  points  with  veiy  high  amplitudes,  with  respect  to 
the  data  points  immediately  adjacent  to  each  spike  point.  The  second  algorithm,  actually  called  smoothing 
in  DPLQT.  operates  on  groups  (windows)  of  successive  data  points  and  consists  of  removing  the  linear 
trend  in  each  window,  performing  a  low-pass  filter,  and  reinserting  the  linear  trend.  Several  window  sizes 
were  used  in  initial  trials,  to  balance  noise  reduction  with  the  remaining  signal  fidelity.  For  the  plots  from 
simulations  with  VEDs  installed  on  the  model,  eight  successive  data  points,  a  frequency  bandwidth  of 
approximately  0. 137  Hz,  was  used  in  each  window.  For  the  plots  from  simulations  without  VED  installed 
on  the  model,  six  successive  data  points,  a  frequency  bandwidth  of  approximately  0.098  Hz,  was  used  in 
each  window.  In  Figure  C.  16.2,  the  FL  3  TF  plot  for  simulation  E100DL  shows  the  original  (unedited) 
and  edited  (using  DPLQT)  TFs,  indicating  the  significance  of  the  noise  in  the  unedited  signals 

Figures  C.  16.7  -  C.  16. 19  present  Fourier  amplitude  spectra  for  the  interstory  displacements  in  each 
simulation.  Since  VED  properties  are  typically  characterized  in  terms  of  the  frequencies  and  magnitudes  of 
their  shear  strains  or  displacements,  it  is  helpful  to  examine  the  frequency  characteristics  of  their 
displacements.  VED  displacement  may  be  related  directly  to  interstory  displacement  through  the  geometry 
of  the  model. 

Figures  C.  16.20  -  C.  16.25  present  the  acceleration-based  TFs  from  low  level  white  noise  tests  that 
were  conducted  on  numerous  occasions  during  the  experimental  program.  Those  tests  are  described  in 
Section  3.4  of  this  report.  The  TFs  and  dynamic  properties  were  derived  using  the  same  procedures  as 
those  described  above,  except  that  the  FFTs  of  the  base  and  floor  motions  were  taken  directly  from  an  in¬ 
line  spectrum  analyzer,  which  recorded  the  data  in  larger  frequency  steps.  The  smoothing  windows  used 
included  five  successive  data  points,  for  a  window  bandwidth  of  0.25  Hz,  in  the  white  noise  tests  without 
VEDs  installed  on  the  model,  and  seven  successive  data  points,  for  a  window  bandwidth  of  0.375  Hz,  in  the 
white  noise  tests  with  VEDs  installed  on  the  model. 

Figures  C.  16.26  and  C.  16.27  present  the  results  of  free  vibration  decay  and  pullback  tests  that 
were  conducted  during  the  experimental  program.  Those  tests  are  also  described  in  Section  3.4  of  this 
report. 
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(1)  Energy  Input  and  Dissipation 

A  structure  that  is  subjected  to  earthquake-induced  motion  must  dissipate  the  energy  that  is  input 
by  the  ground  motion.  In  a  structure  without  supplemental  energy  dissipation  devices,  the  input  energy  is 
largely  dissipated  by  elastic  strain  energy,  kinetic  energy,  viscous-damped  energy,  and  irrecoverable 
dissipated  energy  [3],  The  irrecoverable  energy  takes  the  form  of  permanent  damage  in  the  structure. 
When  VEDs  are  added  to  the  structure,  energy  dissipation  also  occurs  in  the  VEDs.  Mathematically,  this 
relationship  may  be  expressed  as: 


Ei  =  Ek+Es+Eh+EZ+Ed 


(C.2) 


In  Equation  C.2,  E,  is  the  input  energy;  EK  is  the  kinetic  energy;  Es  is  the  elastic  strain  energy,  which  is 
recoverable;  E(  is  the  viscous-damped  energy;  EH  is  the  hysteretic  energy  that  is  dissipated  by  the  structure 
through  inelastic  action;  and,  ED  is  the  energy  dissipated  by  supplemental  dampers  (if  any  are  present). 
References  3  and  45  present  detailed  discussions  of  the  derivations  of  the  terms  in  Equation  C.2.  A  brief 
summary  of  those  discussions  is  included  here  to  provide  an  explanation  of  how  these  parameters  were 
calculated  from  the  test  data. 

The  input  energ)>  is  the  time  integral  of  the  input  power  and  is  a  function  of  the  ground  motion 
velocity  and  the  structural  base  shear: 


Ej  =  j'Pj df{(ib  m?t) rfvg  =  /(E  m,\) vgdt«f 


V.vdt 
b  8 


(C.3) 


The  terms  in  parentheses  in  Equation  C.3  represent  the  products  of  the  floor  mass  and  floor  acceleration, 
which  are  summed  over  floors;  in  this  study,  there  are  three  floors,  with  associated  masses  and  absolute 
acceleration  response  histories.  The  term  dvg  represents  the  incremental  ground  displacement,  which  is 
then  expressed  as  the  product  of  the  ground  velocity,  v  ,  and  the  incremental  time  step,  dt.  Reference  85 
points  out  that,  strictly  speaking,  the  terms  in  parentheses  do  not  equal  the  base  shear,  Ej,  because  the  base 
shear  should  theoretically  also  include  the  internal  damping  force.  However,  the  internal  damping  force  has 
been  shown  to  be  generally  negligible  and  thus  may  be  ignored  in  approximating  the  base  shear.  This 
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approximation  is  usually  made  when  presenting  base  shear  quantities  and  has  been  made  elsewhere  in  this 
report.  Equation  C.3  may  summarily  be  thought  of  as  the  work  done  by  the  base  shear  moving  through  the 
ground,  or  base,  displacement. 

For  this  study,  the  input  energy  has  been  calculated  in  three  manners,  to  provide  checks  on  the 
consistency  of  the  data.  First,  it  has  been  calculated  as  the  time  integral  of  the  product  of  the  base  shear 
and  the  base  velocity,  as  derived  by  integrating  the  base  accelerations  to  obtain  velocity.  Second,  it  has 
been  calculated  as  the  time  integral  of  the  product  of  the  base  shear  and  the  base  velocity,  as  derived  by 
differentiating  the  base  displacements  to  obtain  velocity.  Third,  it  has  been  calculated  directly  as  the 
displacement  integral  of  the  base  shear.  In  each  of  these  three  instances,  the  approximation  on  the  far  right 
side  of  Equation  C.3  represents  the  mathematical  operation  that  is  performed.  Vb  is  applied  in  each  case. 

In  the  first  two  instances,  the  ground  velocity,  v  ,  term  has  been  derived  in  the  two  different  manners  that 
are  mentioned.  In  the  third  instance  the  product  vgdt  is  summarily  represented  by  dvg,  the  incremental 
ground  displacement 

The  kinetic  energy  at  any  instant  is  a  function  of  the  absolute  velocities  of  the  three  floor  levels: 


2  ,-i  ' 


(C.4) 


In  Equation  C.4,  the  term  in  parentheses  represents  the  absolute  velocity  of  each  floor,  at  any  time,  t. 

Again  there  are  three  floor  levels,  with  associated  floor  masses.  Floor  velocities  may  be  calculated  by 
integrating  floor  accelerations  or  by  differentiating  the  absolute  floor  displacements;  in  this  report,  the 
velocities  were  derived  by  integrating  the  floor  accelerations.  The  absence  of  an  integral  operator  indicates 
that  the  kinetic  energy  is  an  instantaneous,  recoverable  quantity. 

The  elastic  strain  energy  at  any  instant  is  a  function  of  the  story  shears  and  the  story  stiffnesses: 


/-I 


XL 

2  Ks 


(C.5) 


For  each  of  the  three  floor  levels,  V,  is  the  story  shear  at  any  time  t.  The  term  Kt  is  the  story  stiffness  from 
the  story  shear  vs.  interstory  drift  relationship.  As  implied  by  the  term  elastic  strain  energy,  this 
relationship  assumes  elastic  behavior,  and  the  story  stiffness  is  the  elastic  stiflhess.  Since  for  a  reinforced 
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concrete  structure,  this  stiffness  quantity  can  only  be  approximate,  the  “backbone”  stiffnesses  for  each  of 
the  three  stories  were  used  in  the  calculations  in  this  report.  The  backbone  stiffness  derivations  is  provided 
in  Chapter  5.  As  with  the  kinetic  energy,  the  elastic  strain  energy  is  an  instantaneous,  recoverable  quantity. 

The  hysteretic  energy,  EH,  occurs  largely  through  inelastic  action  and  quantifies  the  permanent 
damage  that  is  sustained  by  the  structure.  In  a  reinforced  concrete  structure,  this  damage  consists  largely 
of  concrete  cracking  and  reinforcement  yielding.  Another  mechanism  that  may  contribute  to  the  hysteretic 
energy  dissipation  is  frictional  losses  in  bolted  connections.  There  are  several  bolted  connections  in  the 
model  structure;  all  are  associated  with  the  VED  braces.  Since  there  is  no  ready  means  of  quantifying 
these  losses,  they  have  been  assumed  to  be  included  in  EH. 

The  viscous-damped  energy’,  E6  in  Equation  C.3  is  very  difficult  to  quantify  from  experimental 
data  [3]  and  is  essentially  indistinguishable  from  the  hysteretic  energy.  Therefore,  in  this  report,  the  portion 
of  the  input  energy  that  is  not  balanced  by  kinetic,  elastic  strain,  or  supplemental  damper  energies,  is 
assumed  to  be  a  combination  of  hysteretic  and  viscous-damped  energy  dissipation,  which  is  termed 
“hysteretic”  energy. 

The  energy  dissipated  by  a  single  VED  is  [3]: 

(C.6) 

In  Equation  C.6,fyd  is  the  VED  force,  bvd  is  the  VED  shear  deformation,  and  Ke  is  the  effective  stiffness  of 
the  VED.  The  first  term  represents  the  area  of  the  VED  load-deformation  hysteresis  loop,  integrated  over 
the  duration  of  the  input  motion.  The  second  term  represents  the  recoverable  elastic  strain  energy.  Since 
the  structure  returns  to  rest  at  its  initial  position  in  all  of  the  tests  with  VEDs  installed,  the  elastic  strain 
energy  is  zero  at  the  end  of  each  of  those  tests,  and  the  second  term  may  be  ignored.  For  the  simulations 
reported  herein,  ED  is  the  summation  of  energy  dissipated  by  all  six  VEDs  in  the  model  structure. 

Figures  C.17.1-C.17.9  present  the  energy  input  and  dissipation  quantities  for  a  number  of  the 
earthquake  simulations.  Plots  for  the  low-level  simulations  are  not  shown,  because  the  energy  quantities 
were  very  small.  For  the  plots  that  are  presented,  the  input  energy  is  based  on  the  base  girder  velocities 
that  were  derived  from  the  integrated  accelerations.  Those  values  were  used  simply  as  common  reference 
points.  Either  of  the  other  methods  for  calculating  the  input  energy  would  have  yielded  essentially  the  same 
plots. 
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(m)  Reinforcement  Strain  Histories 


Figures  C.18.1  -  C.23. 12  present  reinforcement  bar  strain  histories  for  all  tests. 
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Figure  C.  1.8  Acceleration  Vs.  Elapsed  Time:  T210DL,  T262DL 
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Figure  C.1.1 1  Acceleration  Vs.  Elapsed  Time:  E025DM 
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Figure  C.l. 13  Acceleration  Vs.  Elapsed  Time:  T052DM 
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Figure  C.  1.1 7  Acceleration  Vs.  Elapsed  Time:  E200N 
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C.1.19  Maximum  Floor  Acceleration  Profiles:  E150DL  -  E250DL 
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Figure  C.  1 .2 1  Maximum  Floor  Acceleration  Profiles:  T3 1 5DL  -  T420DL 
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Figure  C.1.22  Maximum  Floor  Acceleration  Profiles:  E010DS  -T052DS 
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Figure  C.1.23  Maximum  Floor  Acceleration  Profiles:  E025N-E150N 
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Figure  C.1.24  Maximum  Floor  Acceleration  Profile:  E200N 
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Figure  C.2.1  Relative  Displacement  Vs.  Elapsed  Time:  E010DL,  E025DL 
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Relative  Displacement  -  Inches  Relative  Displacement  -  Inches  Relative  Displacement  -  Inches 


467 


Relative  Displacement  -  Inches  Relative  Displacement  -  Inches  Relative  Displacement  -  Inches 


J  E100DL  - 
■' HThird Floor  • 


10  15  20 

Elapsed  Time  -  Seconds 


E125DL  m 
•  -  -  -!  -i  Third  Floor ! J 


I- id.  lii-Lr  Jji! y — ir,- 

1?  ilii/i.’-i.uV- 

f  !;i' '  *;  , 

i  Ili  T  :_li 

4-tl-:r— -V 


5  10  15  20  25  30 

Elapsed  Time  -  Seconds 


2J  E100DL  r 
j  Second  Floor  ■ 


—  4  -  -  - 1 —  p  -  -  j-  — j  —  j — !  - 

IPS. 


•  r  -  -■  |  E125DL  ! 
- 1  j  Second  Floor  | 


II  ■  ’jl.  -  |  J _ i _ d - 1 - - l_ 

1+4 — - 1 - s - -r—4 - f - - - 

-!  —  L-J--L  — •  —  i-  — ;  —  — ;  - 


0  5  10  15  20  25  30 

Elapsed  Time  -  Seconds 


E100DL  ' 

h 

i  First  Floor  • 


10  15  20 

Elapsed  Time  -  Seconds 


1.00  T 

X. 

0.80  - 

W  T- 

£  0.60  t 

g  +■ 

7  0.40  f 
|  0.20 
1  0.00  -f 

f-0.20- 

|  41.40  I 

|  -0.60  I 

02  4- 

-0.80  -f 

-1.00  4- 


10  15  20  25  30 

Elapsed  Time  -  Seconds 


tniinlj*-  -  k  -tjj  —  r  — 1  —  r  ■ 


j  E125DL  _ 
I  First  Floor 


- ,  —  f  —  —  \ 


5  10  15  20  25  30 

Elapsed  Time  -  Seconds 


Figure  C.2.3  Relative  Displacement  Vs.  Elapsed  Time:  E100DL,  E125DL 
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Figure  C.2.4  Relative  Displacement  Vs.  Elapsed  Time:  E150DL,  E200DL 
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Figure  C.2.5  Relative  Displacement  Vs.  Elapsed  Time:  E250DL 
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Figure  C.2.6  Relative  Displacement  Vs.  Elapsed  Time:  T021DL,  T052DL 


471 


Relative  Displacement  -  Inches  Relative  Displacement  -  Inches  Relative  Displacement  -  Inches 


.l_J._l.-L-L 


0  5  10  15  20  25  30  35  40 

Elapsed  Time  -  Seconds 


•1  0.20  “ 


jj  T157DL  • 
Jj  Third  Floor  J 


-0.60  -1 — — - ; — • — * — — — — 1 - * — A — 1 — ; — 1 

0  5  10  15  20  25  30  35  40 

Elapsed  Time  -  Seconds 


4-i-L. 


7  '  jj  ”  !  7  i  ,  : 


t-t-h:- 


Jj  T105DL  j 
_J  Second  Floor  ! 


0  5  10  15  20  25  30  35  40 

Elapsed  Time  -  Seconds 


.1 _ L 


J.  0.20  f 


J  Second  Floor  J 


I  0.00  T 


0  5  10  15  20  25  30  35  40 

Elapsed  Time  -  Seconds 


-t-r  l 


0  5  10  15  20  25  30  35  40 

Elapsed  Time  -  Seconds 


— H 


0  5  10  15  20  25  30  35  40 

Elapsed  Time  -  Seconds 


Figure  C.2.7  Relative  Displacement  Vs.  Elapsed  Time:  T105DL,  T157DL 
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Figure  C.2. 10  Relative  Displacement  Vs.  Elapsed  Time:  E010DS,  E025DS 
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Figure  C.2.1 1  Relative  Displacement  Vs.  Elapsed  Time:  E025DM 
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Figure  C.2.12  Relative  Displacement  Vs.  Elapsed  Time:  T021DS,  T052DS 
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Figure  C.2.15  Relative  Displacement  Vs.  Elapsed  Time:  E075N,  E100N 
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Figure  C.2. 17  Relative  Displacement  Vs.  Elapsed  Time:  E200N 
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Figure  C.2.18  Maximum  Relative  Story  Displacement  Profiles:  E010DL  -  E125DL 
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Figure  C.2.19  Maximum  Relative  Story  Displacement  Profiles:  E150DL  -  E250DL 
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Figure  C.2.20  Maximum  Relative  Story  Displacement  Profiles:  T021DL  -  T262DL 
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Figure  C.2.21  Maximum  Relative  Story  Displacement  Profiles:  T3 15DL  -  T420DL 
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Figure  C.2.22  Maximum  Relative  Story  Displacement  Profiles:  E010DS  -  T052DS 
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Figure  C.2.23  Maximum  Relative  Story  Displacement  Profiles:  E025N  -  E150N 
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Figure  C.2.24  Maximum  Relative  Story  Displacement  Profile:  E200N 
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Figure  C.3.2  Interstoiy  Displacement 
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Figure  C.3.4  Interstory  Displacement  Vs.  Elapsed  Time:  E150DL,  E200DL 
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Figure  C.3. 9  Interstory  Displacement  Vs.  Elapsed  Time:  T315DL,  T420DL 
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Figure  C.3. 13  Interstoiy  Displacement  Vs.  Elapsed  Time:  T052DM 
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Figure  C.3. 14  Interstory  Displacement  Vs.  Elapsed  Time:  E025N,  E050N 
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Figure  C.3. 15  Interstory  Displacement  Vs.  Elapsed  Time:  E075N,  E100N 
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Figure  C.3.19  Interstory  Drift  Vs.  Elapsed  Time:  E050DL,  E075DL 
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Figure  C.3. 27  Interstory  Drift  Vs.  Elapsed  Time:  E025N,  E050N 
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Figure  C.3.28  Interstory  Drift  Vs.  Elapsed  Time:  E075N,  E100N 
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Figure  C.3.29  Interstory  Drift  Vs.  Elapsed  Time:  E125N,  E150N 


Figure  C.3.30  Interstoiy  Drift  Vs.  Elapsed  Time:  E200N 


Figure  C.3.3 1  Maximum  Interstory  Drift  Ratios:  E010DL  -  E125DL 
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Figure  C.3.32  Maximum  Interstory  Drift  Ratios:  E150DL  -  E250DL 
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Figure  C.3.33  Maximum  Interstory  Drift  Ratios:  T021DL  -  T420DL 
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Figure  C.4.1  Story  Shear  Vs.  Elapsed  Time:  E010DL,  E025DL 
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Figure  C.4.5  Story  Shear  Vs.  Elapsed  Time:  E200DL 
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Figure  C.4.7  Story  Shear  Vs.  Elapsed  Time:  T105DL,  T157DL 
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Figure  C.4. 1 1  Story  Shear  Vs.  Elapsed  Time:  E025DM 
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Figure  C.4.12  Story  Shear  Vs.  Elapsed  Time:  T021DS,  T052DS 
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Figure  C.4. 13  Story  Shear  Vs.  Elapsed  Time:  T052DM 
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Figure  C.4.15  Story  Shear  Vs.  Elapsed  Time:  E075N,  E100N 


Figure  C.4.17  Story  Shear  Vs.  Elapsed  Time:  E200N 
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Figure  C.4.19  Maximum  Measured  Story  Shears:  E150DL  -  E250DL 
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Figure  C.4.20  Maximum  Measured  Story  Shears:  T021DL  -  T262DL 
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Figure  C.4.21  Maximum  Measured  Story  Shears:  T315DL  -  T420DL 
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Figure  C.4.22  Maximum  Measured  Story  Shears:  E010DS  -  T052DM 
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Figure  C.4.23  Maximum  Measured  Stoiy  Shears:  E025N  -  E150N 
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Figure  C.4.24  Maximum  Measured  Story  Shears:  E200N 
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Figure  C.4.25  Maximum  Story  Shear  Normalized  by  Total  Model  Weight:  E010DL  -  E125DL 
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Figure  C.4.26  Maximum  Story  Shear  Normalized  by  Total  Model  Weight:  E150DL 
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Figure  C.4.27  Maximum  Story  Shear  Normalized  by  Total  Model  Weight:  T021DL  -  T262DL 
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Figure  C.4.28  Maximum  Story  Shear  Normalized  by  Total  Model  Weight:  T315DL  -  T420DL 
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Figure  C.4.29  Maximum  Story  Shear  Normalized  by  Total  Model  Weight:  E010DS  -  T052DS 
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Figure  C.4.30  Maximum  Story  Shear  Normalized  by  Total  Model  Weight:  E025N  -  E150N 
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Figure  C.4.3 1  Maximum  Story  Shear  Normalized  by  Total  Model  Weight:  E200N 
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Figure  C.5.5  Stoiy  Shear  Vs.  Interstory  Displacement:  E250DL 


560 


Story  Shear  - 


-0.3 


-0.2  -0.1  0  0.1  0.2 
Interstory  Displacement  -  Inches 


0.3 


-0.3 


-0.2  -0.1  0  0.1  0.2 
Interstory  Displacement  -  Inches 


0.3 


Figure  C.5.7  Story  Shear  Vs.  Interstory  Displacement:  T105DL,  T157DL 
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Figure  C.5.9  Story  Shear  Vs.  Interstory  Displacement:  T315DL,  T420DL 
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Figure  C.5. 11  Story  Shear  Vs.  Interstory  Displacement:  E025DM 
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Figure  C.5.12  Story  Shear  Vs.  Interstoiy  Displacement:  T021DS,  T052DS 
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Figure  C.5.13  Story  Shear  Vs.  Interstory  Displacement:  T052DM 
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Figure  C.5.14  Story  Shear  Vs.  Interstory  Displacement:  E025N,  E050N 
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Figure  C.5. 15  Story  Shear  Vs.  Interstory  Displacement:  E075N,  E100N 
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Figure  C.5.16  Story  Shear  Vs.  Interstoiy  Displacement:  E125N,  E150N 
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Figure  C.6.1  Base  Shear  Vs.  Relative  Third  Floor  Displacement:  E010DL  -  E125DL 
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Figure  C.6.2  Base  Shear  Vs.  Third  Floor  Relative  Displacement:  E150DL  -  E250DL 
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Figure  C.6.4  Base  Shear  Vs.  Third  Floor  Relative  Displacement:  E010DS  -  T052DM 
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Figure  C.7.1  Maximum  Overturning  Moments:  E010DL  -  E125DL 
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Figure  C.7.2  Maximum  Overturning  Moments:  E150DL  -  E250DL 
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Figure  C.7.3  Maximum  Overturning  Moments:  T021DL  -  T262DL 
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Figure  C.7.4  Maximum  Overturning  Moments:  T315DL  -  T420DL 
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Figure  C.7.5  Maximum  Overturning  Moments:  E010DS  -T052DS 
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Figure  C.7.6  Maximum  Overturning  Moments:  E025N  -  E150N 
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Figure  C.7.7  Maximum  Overturning  Moments:  E200N 
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Figure  C.8. 1  Damper  Force  Vs.  Elapsed  Time:  E010DL,  NW  and  NE 
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Figure  C.8.9  Damper  Force  Vs.  Elapsed  Time:  E100DL,  NW  and  NE 
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Figure  C.8. 16  Damper  Force  Vs.  Eli 
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Figure  C.8.20  Damper  Force  Vs.  Elapsed  Time:  T021DL,  SW  and  SE 
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Figure  C.8.23  Damper  Force  Vs.  Elapsed  Time:  T105DL,  NWandNE 
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Figure  C.8.28  Damper  Force  Vs.  Elapsed  Time:  T210DL,  SW  and  SE 
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Figure  C.8.29  Damper  Force  Vs.  Elapsed  Time:  T262DL,  NW  and  NE 
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Figure  C.8.30  Damper  Force  Vs. 
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Figure  C.8.31  Damper  Force  Vs.  Elapsed  Time:  T315DL,  NWandNE 
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Figure  C.8.33  Damper  Force  Vs.  Elapsed  Time:  T420DL,  NW  andNE 
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Figure  C.8.35  Damper  Force  Vs.  Elapsed  Time:  E010DS,  NW  and  NE 
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Figure  C.8.37  Damper  Force  Vs.  Elapsed  Time:  E025DS,  NW  and  NE 
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Figure  C.8.39  Damper  Force  Vs.  Elapsed  Time:  E025DM,  NW  and  NE 
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Figure  C.8.43  Damper  Force  Vs.  Elapsed  Time:  T052DS,  NW  and  NE 
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Figure  C.9.3  Damper  Displacement  Vs.  Elapsed  Time:  E025DL,  NW  and  NE 
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Figure  C.9.10  Damper  Displacement  Vs.  Elapsed  Time:  E100DL,  SW  and  SE 
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Figure  C.9.13  Damper  Displacement  Vs.  Elapsed  Time:  E150DL,  NW  and  NE 
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Figure  C.9.14  Damper  Displacement  Vs.  Elapsed  Time:  E150DL,  SW  and  SE 
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Figure  C.9. 1 8  Damper  Displacement  V s 


641 


Damper  Displacement  -  Inches  Damper  Displacement  -  Inches  Damper  Displacement  -  Inches 


::  E250DL,  SW  and  SE 


J  < 

j  i 

.  JT052DL-NW 

>  i 

_ 1  Third  Storv 

i  i 

i  i 

i  : 

i  . i  .... 

i 

1 

'lidiiliiLl, 

i  i 

Lilli Imb-ijiiLddiiji, 

1 

[Alik  Li 

TWT 

l 

1 

~  “ 

1 

— i — i 

r 

i 

i 

1.  | 

0  5  10  15  20  25  30 

Elapsed  Time  -  Seconds 


E 

1  o.oo  -jr 


;  T052DL-NE 
i  Third  Story 


10  15  20 

Elapsed  Time  -  Seconds 


- j-  - j-. 


'wllytftel 


T052DL-NW 
_ Second  Story  | 

4ti~~ 


i  1 

- [ - 

— ; — 

- 1 - 

i 

j 

| 

■  • 

1 

i 

i 

1 

1 

i 

1 

1 

1  i 

— i-  -1  H  - 

r  klirl-ll 

r  Irlrl.l .-l: 

l-krt- 

L  k  H  ■ 

T052DL-NE 
Second  Story 


Elapsed  Time  -  Seconds 


Elapsed  Time  -  Seconds 


T052DL-NW 
First  Story 


>  T052DL-NEI 
1  First  Story  L 


1  0.00  -X 


_1 _ i. - - — 1 - I - 1_ 

M-h-M- 


Elapsed  Time  -  Seconds 


Elapsed  Time  -  Seconds 


Figure  C.9.21  Damper  Displacement  Vs.  Elapsed  Time:  T052DL,  NW  and  NE 
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Figure  C.9.25  Damper  Displacement  Vs.  Elapsed  Time:  T157DL,  NW  and  NE 
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Figure  C.9.30  Damper  Displacement  Vs.  Elapsed  Time:  T262DL,  SW  and  SE 
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Figure  C.9.32  Damper  Displacement  Vs.  Elapsed  Time:  T315DL,  SW  and  SE 
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Figure  C.9.35  Damper  Displacement  Vs.  Elapsed  Time:  E010DS,  NWandNE 
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Figure  C.9.37  Damper  Displacement  Vs.  Elapsed  Time:  E025DS,  NW  and  NE 
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Figure  C.9.41  Damper  Displacement  Vs.  Elapsed  Time:  T021DS,  NW  and  NE 
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Figure  C.9.43  Damper  Displacement  Vs.  Elapsed  Time:  T052DS,  NW  and  NE 
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Figure  C.9.45  Damper  Displacement  Vs.  Elapsed  Time:  T052DM,  NW  and  NE 
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Figure  C.10.1  Damper  Force  Vs.  Displacement:  E010DL,  NW  and  NE 
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Figure  C.10.2  Damper  Force  Vs.  Displacement:  E010DL,  SW  and  SE 
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Figure  C.10.3  Damper  Force  Vs.  Displacement:  E025DL,  NW  and  NE 
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Figure  C.10.5  Damper  Force  Vs.  Displacement:  E050DL,  NW  and  NE 
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Figure  C.10.9  Damper  Force  Vs.  Displacement:  E100DL,  NW  and  NE 
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Figure  C.10.1 1  Damper  Force  Vs.  Displacement:  E125DL,  NW  and  NE 


687 


Damper  Force  -  Kips  Damper  Force  -  Kips  Damper  Force  -  Kips 


Damper  Displacement  -  Inches 

12.0 
9.0 
6.0 
3.0 
0.0 
-3.0 
-6.0 
-9.0 
-12.0 

-0.48  -0.32  -0.16  0  0.16  0.32  0.48 

Damper  Displacement  -  Inches 

12.0 
9.0 
6.0 
3.0 
0.0 
-3.0 
-6.0 
-9.0 
-12.0 

-0.48  -0.32  -0.16  0  0.16  0.32  0.48 

Damper  Displacement  -  Inches 


Damper  Displacement  -  Inches 


12.0 

9.0 

cL 

6.0 

5 

3.0 

£ 

£ 

0.0 

n 

s 

-3.0 

Q 

-6.0 

-9.0 

•12.0 

Damper  Displacement  -  Inches 


Figure  C.10.13  Damper  Force  Vs.  Displacement:  E150DL,  NW  and  NE 
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Figure  C. 10.15  Damper  Force  Vs.  Displacement:  E200DL,  NW  and  NE 


691 


Damper 


-0.9  -0.6  -0.3  0  0.3  0.6 

Damper  Displacement  -  Inches 


0.9 


-0.9 


-0.6  -0.3  0  0.3  0.6 

Damper  Displacement  -  Inches 


0.9 


Figure  C.10.16  Damper  Force  Vs.  Displacement:  E200DL,  SW  and  SE 


692 


Damper  Force  -  Kips  Damper  Force  -  Kips  Damper  Force  -  Kips 


E250DL-NW 

nn  - 

h-r- 

-  -  -j  E250DL-NE 

Third  Story  j 

1.4. U 

j 

_  1  _  _ 

1  Third  Story  j 

Damper  Displacement  -  Inches 


Damper  Displacement  -  Inches 


E250DL-NW  | 

1^0  1  '  1 

— 

- 1  E250DL-NE 

Second  Story  | 

14. U  |  |  j 

1  _  _ 

1  _  _ 

1  Second  Story 

Damper  Displacement  -  Inches 


Damper  Displacement  -  Inches 


E250DL-NW 

1  0  A  - 

- 1  •*  - 

1 - 1--! 

1-  .  : 

- 1-  - 

- i  -  - 

- i 

E250DL-NE 

First  Story 

1Z.U 

1 

1 

1 

First  Story 

Damper  Displacement  -  Inches 


Damper  Displacement  -  Inches 


Figure  C.10.17  Damper  Force  Vs.  Displacement:  E250DL,  NW  and  NE 
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Figure  C.10.19  Damper  Force  Vs.  Displacement:  T021DL,  NW  and  NE 
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Figure  C.  10.21  Damper  Force  Vs.  Displacement:  T052DL,  NW  and  NE 
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Figure  C.10.23  Damper  Force  Vs.  Displacement:  T105DL,  NW  and  NE 
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Figure  C.  10.25  Damper  Force  Vs.  Displacement:  T157DL,  NW  andNE 
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Figure  C.  10.32  Damper  Force  Vs.  Displacement:  T3 15DL,  SW  and  SE 
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Figure  C.l  1.1  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces 
Vs.  Maximum  Stoiy  Shear:  E010DL  -  E125DL 
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Figure  C.l  1 .2  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces 
Vs.  Maximum  Story  Shear:  E150DL  -  E250DL 
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Figure  C.l  1.3  Maximum  Sum  of  Horizontal  Components  ofDamper  Forces 
Vs.  Maximum  Story  Shear:  T021DL  -  T262DL 
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Figure  C.l  1 .4  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces 
Vs.  Maximum  Story  Shear:  T315DL  -  T420DL 
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Figure  C.l  1.5  Maximum  Sum  of  Horizontal  Components  of  Damper  Forces 
Vs.  Maximum  Story  Shear:  E010DS  -  T052DM 
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Figure  C.12.5  Column  Shear  Vs.  Elapsed  Time:  E250DL 
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Figure  C.12.6  Column  Shear  Vs.  Elapsed  Time:  T021DL,  T052DL 
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Figure  C.12.8  Column  Shear  Vs.  Elapsed  Time:  T210DL,  T262DL 


Figure  C.12.9  Column  Shear  Vs. 
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Figure  C. 12. 10  Column  Shear  Vs.  Elapsed  Time:  E010DS,  E025DS 
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Figure  C.12.1 1  Column  Shear  Vs.  Elapsed  Time:  E025DM 
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Figure  C.12.12  Column  Shear  Vs.  Elapsed  Time:  T021DS,  T052DS 


Elapsed  Time  -  Seconds 


Figure  C.12.13  Column  Shear  Vs.  Elapsed  Time:  T052DM 
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Figure  C.  1 3 . 1  Column  Shear  V s.  Interstory  Displacement:  E0 1 0DL,  E025DL 
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Figure  C.13.2  Column  Shear  Vs.  Interstory  Displacement:  E050DL,  E075DL 
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Figure  C.13.3  Column  Shear  Vs.  Interstory  Displacement:  E100DL,  E125DL 
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Figure  C.  13.4  Column  Shear  Vs.  Interstory  Displacement:  E150DL,  E200DL 
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Figure  C.13.5  Column  Shear  Vs.  Interstory  Displacement:  E250DL 
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Figure  C.13.6  Column  Shear  Vs.  Interstory  Displacement:  T021DL,  T052DL 
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Figure  C.13.1 1  Column  Shear  Vs.  Interstoiy  Displacement:  E025DM 
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Figure  C.13. 13  Column  Shear  Vs.  Interstory  Displacement:  T052DM 
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Figure  C.13.15  Maximum  Column  Shear  Vs.  Maximum  Story  Shear:  E150DL  -  E205DL 
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Figure  C.13.16  Maximum  Column  Shear  Vs.  Maximum  Story  Shear:  T021DL  -  T262DL 
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Figure  C.13.17  Maximum  Column  Shear  Vs.  Maximum  Story  Shear:  T315DL  -  T420DL 
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Figure  C.14.1  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper  Forces:  E010DL 
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Figure  C.14.2  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Component  of  Damper  Forces:  E025DL 
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Figure  C.14.3  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  E050DL 
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Figure  C.14.5  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  E100DL 
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Figure  C.14.7  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  E150DL 
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Figure  C.14.10  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  T021DL 
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Figure  C.  14.1 1  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  T052DL 
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Figure  C.14.13  Story  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  T157DL 
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Figure  C.14.16  Stoiy  Shear,  Column  Shear,  and  Sum  of  Horizontal  Components  of  Damper  Forces:  T315DL 
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Figure  C.15.1  Relative  Floor  Velocities:  E010DL,  E025DL 
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Figure  C.15.3  Relative  Floor  Velocities:  E100DL,  E125DL 
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Figure  C.15.4  Relative  Floor  Velocities:  E150DL,  E200DL 
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Figure  C.15.5  Relative  Floor  Velocities:  E250DL 
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Figure  C.16.2  Acceleration-Based  Transfer  Functions:  E100DL  -  E200DL 


786 


Frequency,  Hz 


Frequency,  Hz 


Figure  C.16.3  Acceleration-Based  Transfer  Functions:  T021DL  -  T157DL 

787 


Base  to  Floor  3 


Base  to  Floor  2 


5  10  15  20 

Frequency,  Hz 


5  10  15  20 

Frequency,  Hz 


5  10  15  20 

Frequency,  Flz 


Figure  C.16.4  Acceleration-Based  Transfer  Functions:  T210DL  -  T420DL 
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Figure  C.16.5  Acceleration-Based  Transfer  Functions:  E025N-E100N 
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Figure  C.16.8  Fourier  Amplitude  Spectra  of  Interstoiy  Displacements:  E050DL  and  E075DL 
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Figure  C.16.12  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  T021DL  and  T052DL 
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Figure  C.16.13  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  T105DL  and  T157DL 
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Figure  C.16.14  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  T210DL  and  T262DL 


798 


Fourier  Amplitude  Fourier  Amplitude  Fourier  Amplitude 


0.032 


a. 

<  0.016 


s 

0.008 


5  10  15 

Frequency,  Hz 


i 

i 

T420DL 

i 

Interstory  Displacements:  Story  1 

“• — t — 1 — f — — J 

iii:.:. 

i  I  :  : 

— i — . — i— ^ 

;  ;  :  : 

Til., 

:  i  !  1 

;  1  !  • 

j  !  |  i 

till 

5  ,  ; 

ill, 

L  ;  1  _ 

"If  ’ ' 

.  ,  I  , 

:  :  :  ! 

;  ; 

— — » — i — i — 

jiiy 

1  ;  ;  1  ; 

III;  | 

*"■  T  ~  r  ""  ” 

r  \  i  7 

r  i  i  t  “ 

..  .i  .i ;  1 

20 


Figure  C.16.15  Fourier  Amplitude  Spectra  of  Interstoiy  Displacements:  T315DL  and  T420DL 
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Figure  C.16.16  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E025N  and  E050N 
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Figure  C.16.18  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E125N  and  E150N 
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Figure  C.16.19  Fourier  Amplitude  Spectra  of  Interstory  Displacements:  E200N 
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Figure  C.  16.20  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  Initial  Conditions 
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Figure  C.16.22  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  T210DL  -  E150DL 
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Figure  C.  16.24  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  E250DL  -  E050N 
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Figure  C.  16.25  Acceleration-Based  Transfer  Functions,  White  Noise  Tests:  E075N  -  E150N 
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Figure  C.  16.26  Free  Vibration  Tests 
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Figure  C.  16.27  Pullback  Test  Results 
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Figure  C.17.1  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E050DL  and  E075DL 
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Figure  C.17.2  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E100DL  and  E125DL 
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Figure  C.17.3  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E150DL  and  E200DL 
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Figure  C.17.4  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  E250DL  and  T105DL 
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Figure  C.17.5  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  T157DL  and  T210DL 
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Figure  C.17.6  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  T262DL  and  T315DL 
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Figure  C.17.7  Input,  Damper  Dissipation,  Kinetic,  and  Elastic  Strain  Energies:  T420DL  and  E075N 
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Figure  C.17.8  Input,  Kinetic,  and  Elastic  Strain  Energies:  E100N  and  E125N 
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Figure  C.17.9  Input,  Kinetic,  and  Elastic  Strain  Energies:  E150N  and  E200N 
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Figure  C.18.8  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZ1,  SGZ3,  SGZ4:  T315DL,  T420DL 
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Figure  C.18.10  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZ1,  SGZ3,  SGZ4:  E075N,  E100N 
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Figure  C.  18. 12  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SGZ1,  SGZ3,  SGZ4:  E200N 


832 


Strain,  Inches/Inch  Strain,  Inches/Inch  Strain,  Inches/Inch 


0.000032  - 
0.000024  - 
0.000016  - 
0.000008  - 
0.000000  - 
-0.000008  - 
-0.000016  - 
-0.000024  - 
-0.000032  - 


"I - T - !- 


E010DL 
Gage  S1Z1 


.__X_  J-.L-J-.L- 


0.0  5.0  10.0  15.0  20.0  25.0  30.0 

Elapsed  Time,  Seconds 


0.000032 
0.000024 
0.000016 
f  0.000008 

l  0.000000 
|  -0.000008 


----- 

t 

i 

i 

_ _ i_ 

t 

i 

i — 

i 

“i  v 

XL 

1  1 

XlL 

1X44X11 

-h-l  E025DL 
+H  Gage  S1Z1  L 


-0.000024  - - »■ 


0.0  5.0  10.0  15.0  20.0  25.0  30.0 

Elapsed  Time,  Seconds 


0.000024  4- 
0.000016  — 
0.000008  — 
0.000000  *Jj| 
-0.000008  — 
-0.000016  — 
-0.000024  — 
-0.000032  — 


j  i 

1 

1  i  ' 

L  .  _  j 

i 

, 

i  r  i 

i — i — i 

_ i 

E010DL  j. 
Gage  S1Z5  4 


•  1 - j  —  i - 


0.000024  - 
0.000016  - 
f  0.000008  - 

|  0.000000  -y 

i  1 

*  -0.000008  j 
-0.000016  - 
-0.000024  - 
-0.000032  -- 


-(-i  E025DL 
j  Gage  S1Z5 


0.0  5.0  10.0  15.0  20.0  25.0  30.0 

Elapsed  Time,  Seconds 


0.0  5.0  10.0  15.0  20.0  25.0  30.0 

Elapsed  Time,  Seconds 


-4- 

1 

; 

- T - 

-  -  E010DL  r 

G17A.  j 

' 

« 

' 

l 

1 

1 

iT" 

t 

1 

i 

fil  t|  itajl 

1 

[Mi|| 

]  j  _  _ 

toiLjwlU 

lip 

^  T(nj»v»r 

— H — P - 

X  1  >' - \ 

1 

i 

i 

t 

I 

1  - 

1 

| 

1 

!  ■  | 

i 

1 

t 

: 

1 

- 1 - 

- 1 - 

— i — 

1 - 7 - 

- - 1 - 

0.0  5.0  10.0  15.0  20.0  25.0  30.0 

Elapsed  Time,  Seconds 


0.00012  t- 
T" 

0.00009  -j- 
0.00006  -  - 
f  0.00003 

i  ■ 

g  o.ooooo 

•I 

£  -0.00003  -p 
-0.00006  -- 
-0.00009  -- 
-0.00012  -- 


0.0  5.0  10.0  15.0  20.0  25.0  30.0 

Elapsed  Time,  Seconds 


Figure  C.19.1  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E010DL,  E025DL 
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Figure  C.19.2  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E050DL,  E075DL 
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Figure  C.19.3  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E100DL,  E125DL 
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Figure  C.19.4  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E150DL,  E200DL 
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Figure  C.19.5  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  T021DL,  T052DL 
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Figure  C.19.6  Reinforcement  Strain  Vs.  Elapsed 
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Figure  C.19.7  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  T210DL,  T262DL 
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Figure  C.19.9  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E025N,  E050N 
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Figure  C.19.12  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z1,  S1Z5,  S1Z6:  E200N 
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Figure  C.20.3  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z3,  S1Z7,  S1Z8:  E100DL,  E125DL 
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Figure  C.20.5  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z3,  S1Z7,  S1Z8:  T021DL,  T052DL 
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Figure  C.20.7  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1Z3,  S1Z7,  S1Z8:  T210DL,  T262DL 
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Figure  C.21.6  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X5,  S1X14,  S1X15:  T105DL,  T157DL 
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Figure  C.22.9  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  SIX!  1,  S1X12,  S1X13:  E025N,  E050N 
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Figure  C.22.10  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X1 1,  S1X12,  S1X13:  E075N,  E100N 
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Figure  C.23.1  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  E010DL,  E025DL 
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Figure  C.23.2  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  E050DL,  E075DL 
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Figure  C.23.3  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  E100DL,  E125DL 
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Figure  C.23.4  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  E150DL,  E200DL 
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Figure  C.23.5  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  T021DL,  T052DL 


885 


Figure  C.23.6  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  T105DL,  T157DL 
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Figure  C.23.8  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  T315DL,  T420DL 
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Figure  C.23.9  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  E025N,  E050N 
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Figure  C.23.10  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  E075N,  E100N 
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Figure  C.23.12  Reinforcement  Strain  Vs.  Elapsed  Time,  Gages  S1X16,  S2Z2,  S2Z3:  E200N 
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APPENDIX  D 

VISCOELASTIC  DAMPER  CHARACTERIZATION 


This  appendix  summarizes  viscoelastic  material  and  damper  properties,  presents  data  that  were 
recorded  in  damper  characterization  tests,  and  introduces  a  technique  that  may  be  used  to  model  a 
viscoelastic  damper  (VED).  Section  D.  1  provides  a  summary  of  the  stress-strain  characteristics  of 
viscoelastic  materials  in  general  and  the  force-deformation  characteristics  of  the  VED’s  studied  herein. 
This  summary  is  a  compilation  of  highlights  of  discussions  by  other  authors,  with  common  notation  used, 
that  serves  as  background  for  modeling  structural  behavior  when  VED’s  are  used.  Section  D.2  describes 
sinusoidal  testing  of  the  VED’s  used  in  this  study  and  presents  the  load-deformation  properties  that  were 
determined  from  the  test  results.  Finally,  Section  D.3  briefly  describes  a  simplified  procedure  that  may  be 
used  to  model  VED  characteristics  in  structural  models.  More  complete  discussions  of  this  procedure  are 
provided  in  the  main  body  of  the  report. 


Numerous  references  [E.G.,  1,  4,  9,  10,  22,  23]  present  detailed  viscoelastic  material  property 
descriptions.  Those  properties  that  directly  relate  to  viscoelastic  damper  (VED)  characterization  and 
design  are  presented  here.  This  overview  adopts  the  nomenclature  used  in  Reference  1. 

“Viscoelastic”  properties  are  exhibited  by  many  polymeric  materials.  The  term  “viscoelastic” 
arises  from  the  materials’  exhibiting  properties  of  both  viscous  liquids  and  elastic  solids  when  they  are 
deformed  [1]  in  shear.  A  viscoelastic  material  that  is  placed  in  a  sinusoidal  shear  loading  exhibits 
hysteretic  behavior  like  that  shown  in  Figure  D.  1 .  The  steady  state  response  of  the  material  can  be 
described  using  a  linear  viscoelastic  law  [1]  with  the  following  relationships: 

YCO  =  Yosin(o>0  (P 

t(0  =  x6sin(cof  +  6) 
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In  these  equations,  y(t)  and  x(t)  are  the  time-varying  magnitudes  of  shear  strain  and  shear  stress, 
respectively,  while  y0  and  x0  are  the  maximum  shear  strain  and  maximum  shear  stress,  respectively.  The 
symbol  co  represents  the  circular  frequency  of  the  loading,  and  “t”  represents  elapsed  time.  The  symbol  6 
represents  the  phase  angle  between  stress  and  strain  that  is  a  characteristic  of  viscoelastic  behavior;  in 
these  materials,  stress  precedes  strain.  The  linear  viscoelastic  law  further  states  that  constant  stress  applied 
to  a  viscoelastic  material  results  in  a  strain  that  increases  with  time,  and  that  a  constant  strain  applied  to  a 
viscoelastic  material  results  in  a  stress  that  decreases  with  time.  Figure  D.16  illustrates  this  property.  In  a 
quasi-static  load  test  on  a  YED,  run  under  displacement  control,  the  load  required  to  sustain  a  constant 
strain  decreased  over  time. 

The  relationship  between  shear  stress  and  shear  strain  is  characterized  as  [9]: 


x(r)  =  G'Y0sin(cor+8) 
x(t)  =  Yo[G/sin(Gof)  +  G//c°s(a>0] 


(D.3) 


In  these  relationships,  G  is  known  as  the  “complex  shear  modulus;  G  is  known  as  the  shear  storage 
modulus;”  and  G”  is  known  as  the  “shear  loss  modulus.”  These  moduli  are  defined  as  follows  [1]: 


G'  = 

G"  = 


t  \ 
x 


cos  8 


V  Y°/ 

I  \ 
x 


sin  6 


g*  =  sfWFWf  =  — 

Yo 


(D.4) 

(D.5) 

(D.6) 


One  additional  relationship  is  defined  by  the  “loss  factor,  or  r\ : 

c  h 

Ti  =  —  =  tan  6 
G' 


(D.7) 


References  4  and  22  describe  these  moduli:  The  shear  storage  modulus  (G  )  is  in  phase  with  the  strain  and 
represents  the  stiffness  capacity  (or  recoverable  energy)  of  the  material.  Higher  values  of  G  indicate 
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higher  stiffness  properties  for  the  material.  The  shear  loss  modulus  (G”)  leads  the  strain  and  represents  the 
“damping”  capacity  (or  dissipated  energy)  of  the  material.  Higher  values  of  G”  indicate  higher  energy 
dissipation,  or  damping,  capacities  for  the  material.  The  complex  modulus,  G*,  arises  from  a  restatement 
of  the  material  properties  using  complex  variables,  in  which  G*can  be  expressed  in  terms  of  a  real 
constant,  G’,  and  an  imaginary  constant,  iG”.  The  loss  factor  (t|)  characterizes  the  relative  damping 
capacity  of  the  material.  A  small  loss  factor  indicates  that  the  hysteresis  loops  that  describe  the  material 
behavior  will  be  small,  with  corresponding  low  damping  characteristics;  a  large  loss  factor  indicates  that 
the  hysteresis  loops  that  describe  the  material  behavior  will  be  large,  with  corresponding  high  damping 
characteristics. 

These  properties  depend  significantly  on  temperature,  excitation  frequency,  and  peak  shear  strain. 
At  low  temperatures  or  high  frequencies,  the  storage  modulus  is  large  compared  to  the  loss  modulus;  the 
material  behaves  stiffly  and  with  less  energy  dissipation.  At  high  temperatures  or  low  frequencies,  both  the 
storage  and  loss  moduli  are  small,  yielding  both  low  stiffness  and  low  energy  dissipation.  At  intermediate 
temperatures  and  frequencies,  the  loss  modulus,  and  loss  factor  are  relatively  larger,  with  corresponding 
higher  energy  dissipation  capacity.  The  energy  dissipation  mechanism  results  in  heating  the  material, 
which  lowers  both  the  storage  and  loss  moduli,  so  that  its  efficiency  lowers  with  continuing  loading. 
Stiffness  properties  are  reported  [E.G.,  1]  to  decrease  with  increasing  peak  shear  strain.  Reference  1 
indicates  that  the  storage  modulus  drops  sharply  in  the  range  of  0  -  50%  peak  shear  strain  but  remains 
relatively  unchanged  in  the  range  of  50  -  200%  peak  shear  strain. 

Several  researchers  have  developed  data  bases  of  viscoelastic  material  properties  and  performed 
regression  analyses  using  temperature,  excitation  frequency,  and  peak  shear  strain  as  independent 
variables,  and  G  ’  and  G "  as  dependent  variables  [1,9].  In  general,  these  studies  show  that  G  ’  and  G "  are 
approximately  proportional  to  the  square  root  of  the  frequency  and  approximately  inversely  proportional  to 
the  fifth  root  of  the  maximum  shear  strain.  The  moduli  are  related  to  the  ambient  temperature  as 
approximate  functions  of  e(73/I\  where  T  is  the  ambient  temperature  (°C). 

The  direct  relationship  between  shear  stress  and  shear  strain  may  be  rewritten  in  a  form  that  clearly 
delineates  the  linear  and  viscous  components  of  the  material  behavior  [1]: 

T(0  =  G/y(t)±G'/^(y0)2-[y(t)f  (D.8) 

The  first  term  in  Equation  D.8  represents  the  linear,  or  elastic,  component  of  the  behavior,  while  the  second 
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term  represents  the  elliptical,  or  energy  dissipation,  component  of  the  behavior. 

It  is  also  possible  to  define  the  equivalent  viscous  damping  ratio  (Q  for  the  material  in  terms  of  the 
Storage  and  loss  moduli  [1]: 


4  7 iEs 


xG"(y0)2  _ 

4tc(o.5G/(y0)2)  "  2 G' 


0.5r| 


(D.9) 


In  Equation  D.9,  Ed  is  the  energy  dissipated  in  one  loading  cycle,  while  Es  is  the  elastic  strain  energy  stored 
in  the  structure  at  maximum  deformation,  for  the  same  loading  cycle. 

With  the  provision  that  a  VED  consists  of  a  layer  of  viscoelastic  material  placed  in  pure  shear  (see 
Figure  2.26),  the  above  material  relationships  may  be  used  to  characterize  a  VED  [1]: 


kd  = 


G'A 

t 


_  G"A  -  ^kd  _  qjg 

d  cor  w  2tt/ 


(D.10) 

(D-ll) 


In  these  equations,  kd  represents  the  damper  stiffness  and  cd  represents  the  VED  viscous  damping 
coefficient.  The  thickness  of  the  viscoelastic  layer  is  “t”  while  the  area  of  the  viscoelastic  layer  placed  in 
shear  is  “A”  Equations  D.  10  and  D.  1 1  repeat  Equations  2.21  and  2.22  for  the  convenience  of  the  reader. 

With  these  material  and  VED  properties,  it  is  possible  to  develop  a  set  of  three  equations  that 
enable  the  shear  and  loss  to  moduli  to  be  calculated  from  sinusoidal  tests  of  VEDs  [4]: 
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( F  ) 

max 

^  A  > 

F ^ 

( D  ^ 

|  ^ 

*  J 

*V(yf 

G'  =  /(G’)2-^")2 


(D.12) 


(D.13) 


In  Equation  D.12,  Fmm  and  Dma.  refer  to  the  maximum  shear  force  and  maximum  shear  displacement  for 
the  VED,  respectively.  The  energy  dissipated,  Ed,  is  calculated  as  the  area  of  the  hysteresis  loop  (one 
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cycle).  The  term  V represents  the  volume  of  viscoelastic  material  that  is  placed  in  shear.  In  computing  V 
and  A,  one  must  be  aware  of  the  number  of  layers  of  material,  and  their  thicknesses,  that  are  subjected  to 
the  same  shear  strain.  For  example,  the  VED  shown  in  Figure  2.26  has  two  layers  of  material  in  shear, 
each  of  which  is  1"  (2  x  Vi)  thick. 

D.2  Viscoelastic  Damper  Testing 

Considerable  testing  of  various  viscoelastic  materials  has  been  conducted  and  reported  [1,  4,  9,  10, 
23] .  The  3M 1SD  110  polymer  used  for  the  VED  in  this  project  has  been  tested  extensively.  For  example. 
Table  C.2  of  reference  1  presents  the  results  of  testing  this  material  at  various  ambient  temperatures,  peak 
shear  strains,  and  excitation  frequencies.  3M  Corporation  supplied  additional  unpublished  data  that  were 
very  similar,  for  use  on  the  project. 

Two  VEDs  of  each  size  used  in  this  project  were  tested  in  Newmark  Civil  Engineering  Laboratory, 
to  validate  the  applicability  of  the  data  base  for  this  project.  The  testing  consisted  of  deforming  the  VEDs 
sinusoidally  at  several  different  combinations  of  excitation  frequency  and  peak  displacement  in  a  standard 
load  frame  (Figure  D.2),  with  the  load  frame  operated  in  the  displacement  control  mode.  3M  engineers 
recommended  that  each  test  consist  of  4  -  5  full  sinusoidal  displacement  cycles.  The  load  frame 
extensometer  and  load  cell  were  used  for  displacement  and  force  measurements.  The  validation  testing  was 
conducted  at  approximately  the  same  ambient  temperature  that  was  expected  for  the  seismic  simulations. 

Excitation  frequencies  of  1,  2,  and  3  Hz  were  used  in  the  tests,  to  bracket  the  anticipated  structural 
response  frequencies  that  had  been  determined  in  pretest  calculations.  Peak  displacements  corresponding  to 
25%,  50%,  and  62.5%  shear  strains  were  used  in  the  tests.  3M  engineers  expressed  a  desire  not  to  strain 
the  dampers  much  beyond  a  peak  shear  strain  of  50%,  so  the  upper  bound  of  62.5%  was  chosen  for  the 
tests  that  were  conducted,  with  the  assumption  that  such  strain  would  be  an  upper  bound  for  the  seismic 
simulations  that  were  to  follow.  A  waiting  period  of  approximately  30  minutes  followed  each  test,  to 
permit  the  polymer  to  cool  down  before  retesting. 

In  the  test  data  reported  here,  VED  with  a  “65"  designation  had  3"  x  6"  x  Vi"  polymer  pads,  and 
VED  with  a  “66"  designation  had  3"  x  3"  x  Vt"  polymer  pads.  All  tests  were  conducted  at  an  ambient 
temperature  of  73°  F.  Figures  D.3  -  D.  16  present  plots  of  the  results  of  these  tests.  Tables  D.  1  -  D.4 
summarize  the  test  results  and  present  the  calculated  values  for  the  quantities  discussed  above  for  each 
cycle,  as  well  as  for  the  average  of  four  cycles.  Table  D.5  compares  test  data  averages  with  published  3M 
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data  [1]  that  were  interpolated  to  match  the  test  data;  the  interpolations  were  made  linearly  between  the 
nearest  two  adjacent  ambient  temperature  conditions. 

In  observing  the  test  data  plots  and  the  resulting  derived  quantities  for  each  damper,  the  reader  will 
note  that  each  subsequent  displacement  cycle  in  each  test  series  resulted  in  lower  measured  shear  force, 
hence  lower  energy  dissipation.  The  material  softened  with  each  cycle,  indicating  that  the  heating  that 
occurs  in  the  energy  dissipation  process  causes  material  property  changes.  This  is  most  noticeable  in  the 
shear  storage  moduli  and  in  the  damper  stiffness  quantities.  The  data  show  decreasing  quantities  for  these 
properties.  For  the  four  complete  cycles  that  are  reported  for  each  test,  the  energy  dissipated  in  the  first 
complete  cycle  ranges  from  12%  to  37%  higher  than  the  energy  dissipated  in  the  fourth  cycle.  The  data  are 
consistent  with  the  previously  published  data.  Figure  D.17  graphically  portrays  the  effects  of  excitation 
frequency  and  maximum  shear  strain  on  the  material  properties. 

In  Table  D.5,  the  comparison  with  3M  data  shows  consistently  lower  stiffness-related  quantities 
for  the  VEDs  tested  in  this  project  than  for  the  3M  data.  Discussions  with  3M  engineers  indicate  that  the 
3M  data  reports  the  properties  observed  on  the  first  cycle,  rather  than  a  multi-cycle  average.  There  is 
considerable  discussion  in  the  literature  concerning  appropriate  material  properties  to  use  in  design.  The 
sinusoidal  testing  that  is  commonly  performed  to  establish  material  properties  should  be  more  demanding 
than  actual  seismic  excitation,  since  the  peak  structural  displacements  in  a  seismic  event  usually  are 
repeated  for  only  a  cycle  or  two. 

Two  concluding  notes  on  the  tests  relate  to  events  that  occurred  during  the  tests.  First,  one  of  the 
“66"  series  VED  failed  during  testing,  when  one  of  the  viscoelastic  pads  partially  delaminated  from  the 
steel  plate  to  which  it  was  attached.  The  pads  were  attached  with  an  epoxy  adhesive  that  began  failing  at 
one  comer  of  the  pad.  The  YED  was  replaced.  Second,  the  testing  on  VED  66M,  at  2  Hz,  ±  0.50",  was 
prematurely  halted.  This  error  was  not  discovered  until  after  the  conclusion  of  the  testing;  a  repeat  of  the 
test  to  gain  additional  shear  cycles  was  not  deemed  to  be  worth  the  cost  of  a  new  test  setup. 

D.3  Viscoelastic  Damper  Modeling 

The  above  discussions  on  VED  properties  and  testing  lead  to  a  procedure  that  can  assist  with 
modeling  the  responses  of  VED-equipped  structures  to  either  static  or  dynamic  lateral  loads,  using 
Equations  D.  10  and  D.  1 1 .  The  individual  VED  can  be  modeled  by  using  a  linear  spring  element  and  a 
viscous  damper  dashpot  element  in  parallel.  The  linear  spring  stiffness  is  represented  by  Equation  D.  10, 
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while  the  damping  properties  are  represented  by  Equation  D.  1 1 .  In  a  dynamic  analysis,  both  elements  are 
used,  while,  in  a  static  analysis,  only  the  linear  spring  is  used.  Dashpot  elements  are  becoming  more 
common  in  commercial  structural  analysis  software;  for  example,  the  program  ETABS  [17],  used  in  this 
study,  has  such  a  dashpot  element. 

There  are  several  shortcomings  to  this  procedure.  First,  the  frequency,  temperature,  and  strain- 
dependent  characteristics  cannot  be  modeled  for  an  entire  response  time-history;  all  three  characteristics 
will  change.  One  has  to  select  the  material  properties  that  best  represent  the  conditions  to  which  the  VED 
will  be  subjected.  Second,  modeling  in  this  manner  will  not  accurately  depict  the  phase  angle  that  exists 
between  stress  and  strain  [1],  which  leads  to  some  unavoidable  inaccuracy.  Finally,  this  simplified 
approach  is  predicated  on  the  assumption  that  the  braces  containing  the  VEDs  are  much  stiffer  than  the 
VEDs.  Reference  1  describes  this  as  a  “rigid  brace  model”  and  contrasts  its  performance  with  a  “flexible 
brace  model,”  in  which  the  brace  stiffness  is  much  closer  to  being  the  same  as  the  stiffness  of  the  VEDs. 

These  shortcomings  are  not  large  and  can  be  accommodated  within  the  range  of  accuracy  that  is 
generally  possible  in  engineering  analysis.  The  authors  of  Reference  1  performed  a  number  of  comparisons 
of  VED  tests  like  those  described  here  with  single-degree-of-ffeedom  analytical  models  and  concluded  that 
the  likely  error  using  these  models  does  not  exceed  10%.  As  mentioned  earlier,  the  sinusoidal  testing  upon 
which  material  characterization  is  based  is  a  more  severe  environment  than  is  likely  to  be  seen  in  the  field, 
for  a  given  peak  displacement  condition.  The  peak  displacement  will  not  occur  for  a  large  number  of 
cycles.  Even  though  the  VED  energy  dissipation  capacity  may  be  lessened  following  the  ground  motion 
that  induces  peak  VED  strain,  it  is  unlikely  that  repeated  displacements  to  this  strain  level  will  occur.  The 
rate-dependency  of  the  material  is  controllable,  in  that  the  response  frequency  of  a  VED-equipped  structure 
can  be  reasonably  well  defined  in  terms  of  the  structure’s  first  mode;  the  variations  in  response  frequency 
that  occur  about  the  first  mode  are  fairly  narrowly  banded.  Since  the  rate-dependency  is  approximately  a 
function  of  the  square  root  of  the  frequency,  minor  variations  from  the  frequency  used  to  define  the  material 
parameters  will  not  result  in  significant  changes  in  them.  Most  studies  [E.G.  1]  report  that  the  temperature 
rise  that  occurs  with  energy  dissipation  tends  to  reach  an  equilibrium  level  after  the  large  strain  excursions 
have  subsided.  A  suggested  “rule  of  thumb”  [1]  is  to  use  the  ambient  temperature  +  10°  F  for  the  design 
temperature  for  the  VED.  A  practical  application  problem  here  is  the  need  to  control  the  ambient 
temperature  of  the  VED.  Temperature  extremes,  either  high  or  low,  result  in  significant  loss  of  efficiency. 
A  large  temperature  change  from  the  design  temperature  would  result  in  performance  that  is  significantly 
different  from  the  anticipated  design  performance. 
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Table  D.l  Damper  Characterization  Test  Results,  Dampers  651  and  65L  @  1  Hz 
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Table  D.2  Damper  Characterization  Test  Results,  Dampers  651  and  65L  @  2  and  3  Hz 
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Frequency 

Hz 

Displacement 

Inches 

Cycle 

Energy 

In-Kips 

Dm  ax 

Inches 

G* 

KSI 

m 

m 

K 

K/In 

Ceq 

K-Sec/In 

i 

i 
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■1 
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Ko aa 

mm 

mm 

■u 
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1 

0.50 

2 
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3.24 

0.62 
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1 

0.50 

3 

2.76 

2.30 
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0.200 
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2.95 

0.57 
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0.50 
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2.52 
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0.240 
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0.52 
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0.50 
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0.49 
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0.61 
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1 
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1 
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2.72 
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0.305 

0.236 
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1.21 

3.50 

0.68 

66M 

1 

0.50 

2 

2.90 

2.39 

0.494 

0.269 
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3.02 

0.60 

66M 

1 

0.50 

3 

2.68 

2.19 

0.493 
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2.73 

0.56 

66M 

1 
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4 

2.48 
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1.24 

2.62 

0.52 

66M 

1 

HEEI9HI 
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2.83 

234 

m\wm 

mm\n 

MM 

1.24 

2.97 

66 

1 

0.50 
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2.S8 

2.39 

0.49 

0.269 

0.209 

0.170 

1.23 

3.06 

0.60 

66D 

1 

0.625 

1 

5.80 

3.84 

0.628 

0.340 

0.260 

0.219 

1.19 

3.94 

0.74 

66D 

1 

0.625 

2 

4.79 

3.17 

0.626 

0.281 

0.216 
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0.62 

66D 

1 

0.625 

3 

4.21 

2.78 
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0.189 
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2.82 

0.54 
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1 
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4 
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2.50 

0.627 
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1.15 

2.62 

0.48 
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1 
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4.63 

3.07 

K3X23 

nwj 

wmv.i 

urn 

1.19 

3.16 

^■2^1 

66M 

1 

0.625 

1 
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3.62 

0.627 

0.321 

0.245 

0.207 

1.19 

3.72 

0.70 

66M 

1 

0.625 

2 

4.62 

3.00 

0.626 

0.266 

0.208 

0.165 

1.26 

2.97 

0.60 

66M 

1 

0.625 

3  ! 

4.13 

2.66 

0.626 

0.236 

0.186 

0.146 

1.28 

2.62 

0.53 

66M 

1 

0.625 

4 

3.68 

2.42 

0.626 

0.214 

0.166 

0.136 

1.22 

2.44 

0.48 

66M 

1 

■l mm 

AVG 

4.47 

2.92 

SKISI 

■mr.m 

1.23 

2.94 

^■2&j 

1 

0.625 

AVG 

4.55 

3.00 

0.63 

0.266 

0.205 

1.21 

3.05 

0.591 

Table  D.3  Damper  Characterization  Test  Results,  Dampers  66D  and  66M  @  1  Hz 
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Frequency  Displacement 

Hz  Inches  Cycle 


Fmax  Dmax  G*  G 

Kips  Inches  KSI  KSI  I  KSI 


Ceq 

K-Sec/In 


0.449  0.333 


0.384  0.293 


0313 


0.4321  0.331 


0.691  0.512 


0.461 


0.569  0.438 


0.531  0.407 


0.706  0.525 


0.646 


0.478 


0.579 


0.6161  0.474 


0.613  0.464 


0.511 


0.447  0.355 


0.401 


MiE3EEB]EBt3 


0.530  0.391 


0.461  0.363 


0.323 


0.370  0.294 


0343 


0. 467\  0.364 


gffKTillEEl 


0.293  \  1.24 


Table  D.4  Damper  Characterization  Test  Results,  Dampers  66D  and  66M  @  2  and  3  Hz 
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Figure  D.2  Damper  Characterization 
Testing 
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Figure  D.3  Damper  Test  Results, 
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Figure  D.4  Damper  Test  Results,  Dampers  651  and  65L,  1  Hz,  0.500’ 
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Figure  D.5  Damper  Test  Results,  Dampers  651  and  65L,  1  Hz,  0.625 
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Figure  D.6  Damper  Test  Results,  Dampers  651  and  65L,  2  Hz,  0.250" 
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Figure  D.8  Damper  Test  Results,  Dampers  651  and  65L,  3  Hz,  0.250" 
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Figure  D.9  Damper  Test  Results, 
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Figure  D.10  Damper  Test  Results,  Dampers  66D  and  66M,  1  Hz,  0.500" 
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Figure  D.l  1  Damper  Test  Results,  Dampers  66D  and  66M,  1  Hz,  0.625 


Force,  Kips  Displacement,  Inches  Load,  Kips 


Displacement,  Inches  Displacement,  Inches 


Elapsed  Time,  Seconds 


Elapsed  Time,  Seconds 


Figure  D.12  Damper  Test  Results,  Dampers  66D  and  66M,  2  Hz,  0.250" 
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Figure  D.13  Damper  Test  Results,  Dampers  66D  and  66M,  2  Hz,  0.500' 
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Figure  D.14  Damper  Test  Results,  Dampers  66D  and  66M,  3  Hz,  0.250 
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Figure  D.16  Damper  Test  Results,  Damper  66B,  Quasi-Static  Loading,  0.250" 
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Figure  D.17  Average  Damper  Properties  from  Tests 
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John  R.  Hayes,  Jr.  (“Jack”),  was  bora  in  Richmond,  Virginia,  on  May  12, 1951.  He  attended 
Virginia  Military  Institute  (VMI)  from  1969  to  1973,  where  he  received  a  Bachelor  of  Science  degree  in 
Civil  Engineering.  He  was  graduated  from  VMI  as  both  an  academically  Distinguished  Graduate  and  a 
Distinguished  Military  Graduate.  He  attended  the  University  of  Virginia  from  1973  to  1975,  where  he 
received  a  Master  of  Engineering  degree  in  Civil  Engineering.  During  his  time  at  the  University  of 
Virginia,  Mr.  Hayes  was  inducted  into  the  Tau  Beta  Pi  national  engineering  honor  society. 

From  1975  to  1980,  Mr.  Hayes  served  as  a  Civil  Engineer  Officer  in  the  United  States  Air  Force 
(USAF),  first  in  Oklahoma  (1975-1977)  and  then  in  Germany  (1977-1980).  During  his  tenure  in  Germany, 
Mr.  Hayes  was  instrumental  in  developing  structural  design  criteria  for  military  protective  structures  for 
the  USAF  and  for  allied  agencies  in  the  North  Atlantic  Treaty  Organization.  From  1980  to  1982,  Mr. 
Hayes  served  as  an  Assistant  Professor  of  Civil  Engineering  at  VMI,  where  he  taught  structural 
engineering  courses.  From  1982  to  1988,  Mr.  Hayes  performed  structural  engineering  research  as  a 
civilian  employee  of  the  USAF  at  Eglin  and  Tyndall  Air  Force  Bases  in  Florida.  At  the  end  of  that  tenure, 
Mr.  Hayes  was  the  Senior  Scientist  of  the  Engineering  Division  of  the  Air  Force  Engineering  and  Services 
Laboratory.  Since  1988,  Mr.  Hayes  has  been  a  civilian  employee  of  the  U.S.  Army  Corps  of  Engineers  at 
the  U.S.  Army  Construction  Engineering  Research  Laboratories  (USACERL),  Champaign,  Illinois,  where 
he  serves  as  the  leader  of  the  USACERL  Seismic  and  Structural  Engineering  Group. 

Following  his  active  duty  military  career,  Mr.  Hayes  was  a  member  of  the  USAF  Reserves 
(USAFR)  from  1980  until  1995,  serving  in  various  civil  engineering  capacities.  He  retired  from  the 
USAFR  at  the  rank  of  Lieutenant  Colonel. 

Mr.  Hayes  is  a  registered  Professional  Engineer  in  Florida  and  Virginia. 

Mr.  Hayes  has  been  married  since  1977  to  the  former  Sally  Elizabeth  Troop  of  Enid,  Oklahoma. 
Mr.  and  Mrs.  Hayes  are  the  parents  of  one  son,  Thomas,  who  was  bom  in  1987. 
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